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8QGHUVWDQGLQJ WKH HIIHFWV RI K\SR[LD
RQ VSLQDO FRUG HDUO\ P\HOLQDWLQJ
ROLJRGHQGURF\WHV LQ YLWUR
&ROLQ /LQGVD\ &UDZIRUG %6F +RQV 05HV
$ WKHVLV VXEPLWWHG LQ IXOILOPHQW RI WKH UHTXLUHPHQWV RI WKH
8QLYHUVLW\ RI *ODVJRZ IRU WKH GHJUHH RI
'RFWRU RI 3KLORVRSK\
&ROOHJH RI 0HGLFDO 9HWHULQDU\ DQG /LIH 6FLHQFHV
,QVWLWXWH RI ,QIHFWLRQ ,PPXQLW\ DQG ,QIODPPDWLRQ
6HSWHPEHU 
$EVWUDFW
,Q WKH GHYHORSLQJ EUDLQ SUHHDUO\ P\HOLQDWLQJ ROLJRGHQGURF\WHV (02/V DUH SDUWLFXODUO\
YXOQHUDEOH WR K\SR[LDLVFKDHPLD KRZHYHU PXFK OHVV LV NQRZQ DERXW KRZ WKLV LPSDFWV
VSLQDO FRUG (02/V ,QGHHG LQ DQ LQ YLYR PRXVH PRGHO RI VSLQDO PXVFXODU DWURSK\ P\HOLQR
JHQHVLV SURFHHGV QRUPDOO\ GHVSLWH VLJQLILFDQWO\ UHGXFHG YDVFXODULVDWLRQ RI WKH GHYHORSLQJ
VSLQDO FRUG )XUWKHUPRUH HYHQ LQ WKH KHDOWK\ VSLQDO FRUG SHUIXVLRQ LV XS WR  ORZHU
LQ FRPSDULVRQ WR WKH EUDLQ 7RJHWKHU WKHVH REVHUYDWLRQV UDLVH WKH SRVVLELOLW\ WKHUH DUH
DQDWRPLFDOO\ GLYHUJHQW VXVFHSWLELOLWLHV RI (02/V WR K\SR[LDLVFKDHPLD 7KXV WKLV WKHVLV DG
GUHVVHG WKH K\SRWKHVLV WKDW VSLQDO FRUG (02/V DUH UHODWLYHO\ UHVLVWDQW WR K\SR[LDLVFKDHPLD
DQG DVVRFLDWHG VHFRQGDU\ FRQVHTXHQFHV
7R WHVW RXU K\SRWKHVLV ZH XVHG PXULQH VSLQDO FRUG PL[HG JOLDO FXOWXUHV ZKLFK ZH VKRZHG
FRQWDLQ (02/V LQGLFDWHG E\ %&$6 H[SUHVVLRQ DVWURF\WHV DQG PLFURJOLD EXW ODFN
QHXURQDO FHOO ERGLHV PDNLQJ WKHVH VXLWDEOH IRU PRGHOOLQJ VSLQDO FRUG ZKLWH PDWWHU 7KH
PRUSKRORJ\ RI '$3,VWDLQHG QXFOHL ZDV FRQILUPHG WR EH D XVHIXO LQGLFDWRU RI FHOO VXUYLYDO
7R H[DPLQH WKH UHVSRQVH RI VSLQDO FRUG (02/V WR K\SR[LD FHOO FXOWXUHV ZHUH VXEMHFWHG
WR FKHPLFDO K\SR[LD IRU  RU  KRXUV XVLQJ D]LGH RU WR R[\JHQ GHSULYDWLRQ IRU  KRXUV
)LYH KRXUV FKHPLFDO K\SR[LD GLG QRW FDXVH GHDWK RI (02/V RU DVWURF\WHV ZKHUHDV WKH\
IDLOHG WR VXUYLYH  KRXUV WUHDWPHQW 6XUSULVLQJO\ R[\JHQ GHSULYDWLRQ KDG OLWWOH LPSDFW
RQ VXUYLYDO HYHQ ZKHQ JOXFRVH ZDV ZLWKGUDZQ UDLVLQJ GRXEWV DERXW WKH HIILFDF\ RI WKH
PHWKRG 7RJHWKHU ZH FRQFOXGH WKDW VSLQDO FRUG (02/V DUH WROHUDQW RI VKRUWWHUP K\SR[LD
$V QHLWKHU FKHPLFDOO\LQGXFHG K\SR[LD QRU R[\JHQ GHSULYDWLRQ OHG WR DFLGRVLV RI WKH FHOO
FXOWXUH PHGLD DV ZRXOG RFFXU LQ WKH &16 ZH QH[W H[DPLQHG WKH LPSDFW RI WKLV VHFRQGDU\
FRPSRQHQW RI WKH K\SR[LF HQYLURQPHQW &HOOV ZHUH PDLQWDLQHG IRU  GD\V DW SK\VLRORJLFDO
S+ RU LQ LQFUHDVLQJO\ DFLGLF FRQGLWLRQV 5HGXFLQJ S+ WR  RU ORZHU OHG WR D VLJQLILFDQW
GHFUHDVH LQ WKH GHQVLWLHV RI (02/V 6XUSULVLQJO\ WKH FRPSOHWH ZLWKGUDZDO RI JOXFRVH
S\UXYDWH DQG JOXWDPLQH GLG QRW FRPSRXQG WKLV DQG KDG RQO\ D PLQRU HIIHFW RQ FHOO VXUYLYDO
DW SK\VLRORJLFDO S+ DIWHU  GD\V 7KLV XQH[SHFWHG REVHUYDWLRQ OHG XV WR DVN ZKHWKHU RXU
VXUYLYDO DVVD\ ZDV VXIILFLHQWO\ VHQVLWLYH :H FRQILUPHG WKLV ZLWK D ODFWDWH GHK\GURJHQDVH
UHOHDVH DVVD\ DQG E\ IXUWKHU FKDOOHQJLQJ WKH FHOOV ZLWK UHLQWURGXFWLRQ RI JOXFRVH RU FRPSOHWH
ZLWKGUDZDO RI DPLQR DFLGV DQG YLWDPLQV
7KH XQH[SHFWHG VXUYLYDO RI (02/V DQG DOVR RI DVWURF\WHV LQ WKH DEVHQFH RI JOXFRVH OHG
XV WR K\SRWKHVLVH WKDW DVWURF\WH HQHUJ\ UHVHUYHV PLJKW VXVWDLQ ERWK DVWURF\WHV DQG (02/V
XQGHU H[RJHQRXV HQHUJ\ VXEVWUDWH GHSULYDWLRQ 7R DGGUHVV WKLV ZH H[SORUHG WUDQVFHOOXODU
H[FKDQJH URXWHV DQG IRXQG (02/V ZHUH G\HFRXSOHG WR DVWURF\WHV E\ QDQRWXEHOLNH
VWUXFWXUHV D SXWDWLYH FRQGXLW IRU WKH WUDQVIHU RI HQHUJ\ VXEVWUDWHV
LL
5HFHQWO\ LW KDV EHHQ GHPRQVWUDWHG WKDW DVWURF\WHV FDQ DFFXPXODWH OLSLG GURSOHWV WKH ȕ
R[LGDWLRQ RI ZKLFK FRXOG SRWHQWLDOO\ SURYLGH IXHO IRU FHOO VXUYLYDO LQ WKH DEVHQFH RI H[RJHQRXV
HQHUJ\ VXEVWUDWHV 7KHUHIRUH ZH QH[W ORRNHG IRU HYLGHQFH RI OLSLG GURSOHWV LQ WKHVH
VSLQDO FRUGGHULYHG FHOO FXOWXUHV DQG IRXQG WKDW OLSLG GURSOHWV ZHUH DEXQGDQW LQ DVWURF\WHV
&RQVLVWHQW ZLWK WKLV OLSLGRPLF DQDO\VHV GHPRQVWUDWHG D VLJQLILFDQW UHGXFWLRQ LQ WULJO\FHULGHV
D OLSLG GURSOHWDVVRFLDWHG VSHFLHV DIWHU  GD\V RI HQHUJ\ VXEVWUDWH GHSULYDWLRQ LQ PL[HG
JOLDO FXOWXUHV EXW QRW (02/HQULFKHG FXOWXUHV FRPSDUHG WR  P0 JOXFRVH FRQWUROV
,Q DOO WKHVH GDWD VXJJHVW WKDW VSLQDO FRUG (02/V DUH UHODWLYHO\ UHVLOLHQW WR K\SR[LD
LVFKDHPLD DV GHPRQVWUDWHG E\ WKHLU WROHUDQFH RI VKRUWWHUP K\SR[LD DQG H[RJHQRXV HQHUJ\
VXEVWUDWH GHSULYDWLRQ LQ WKLV LQ YLWUR PRGHO 7KH GLVHDVHUHOHYDQW LPSOLFDWLRQV UHPDLQ WR EH
H[DPLQHG DQG WKH VRXUFH RI OLSLG GURSOHW VXEVWUDWHV WR EH GHWHUPLQHG
LLL
, GHGLFDWH WKLV WKHVLV WR P\ JUDQGSDUHQWV 0DUQD DQG 5REHUW
LY
$FNQRZOHGJHPHQWV
, ZRXOG OLNH WR H[SUHVV P\ VLQFHUH JUDWLWXGH WR P\ VXSHUYLVRU 3URIHVVRU -XOLD (GJDU IRU KHU
PHQWRUVKLS DQG JXLGDQFH WKURXJKRXW P\ 3K' 0RVW RI DOO , WKDQN -XOLD IRU KHU VXSSRUW
KDQGVRQ DSSURDFK WR WUDLQLQJ DQG IRU DOZD\V HQFRXUDJLQJ PH WR JDLQ WKH PRVW IURP P\
3K' +HU GHGLFDWLRQ WR VFLHQFH SDVVLRQ IRU GHEDWH DQG GULYH IRU H[FHOOHQFH KDV VHW WKH
EDU KLJK DQG , KRSH WR FDUU\ WKHVH DWWULEXWHV IRUZDUG LQ P\ RZQ FDUHHU
, DOVR WKDQN P\ VHFRQG VXSHUYLVRU 3URI 0LFKDHO )HUJXVRQ P\ DVVHVVRUV 3URI -DPHV
%UHZHU DQG 3URI $ODLQ .RKO IULHQG RI WKH ODE 3URI &KULV /LQLQJWRQ RXU FROODERUDWRU 3URI
.ODXV$UPLQ 1DYH P\ YLYD YRFH H[DPLQHUV
, DP JUDWHIXO IRU WKH WUDLQLQJ DQG ODE VSDFH SURYLGHG E\ 'U (XDQ %URZQ DW +HULRW:DWW
8QLYHUVLW\ GXULQJ P\ G\HILOOLQJ H[SHULPHQWV $ VSHFLDO WKDQN \RX WR 'U 3DXO 0RQWDJXH IRU
JHQHURXVO\ FDUU\LQJ RXW RXU JHQRW\SLQJ , DOVR WKDQN 0DUJDUHW 0XOOLQ IRU SURFHVVLQJ P\
HOHFWURQ PLFURVFRS\ VDPSOHV /LSLGRPLF DQDO\VHV ZHUH FDUULHG RXW DW 8QLYHUVLW\ +RVSLWDO
=XULFK E\ 3URI 7KRUVWHQ +RUQHPDQQ DQG 'U *HUJHO\ .DUVDL DQG , DP YHU\ JUDWHIXO IRU WKHLU
FRQWULEXWLRQ 7KDQNV DOVR WR WKH &5) VWDII ZKR FDUHG IRU RXU PLFH )LQDOO\ , DFNQRZOHGJH
WKH FRQWULEXWLRQ RI DQLPDO OLIH ZKLFK ZDV DOZD\V FDUHIXOO\ FRQVLGHUHG
0HPEHUV RI WKH (GJDU ODE SDVW DQG SUHVHQW \RX KDYH DOO KHOSHG PH LQ RQH ZD\ RU DQRWKHU
:KHWKHU LW ZDV GLVFXVVLRQV DW ODE PHHWLQJV ODXJKV LQ WKH RIILFH D VQHDN\ FRIIHH EUHDN RU
MXVW OLVWHQLQJ WR PH ZKLQJLQJ 'LDQD .DWLH .DWMD /LQD /RUQD DQG 6KD]LD WKDQN \RX DOO
7R P\ IHOORZ 3K' FROOHDJXHV DQG QRZ IRUHYHU IULHQGV WKH ZKROH H[SHULHQFH ZRXOG QRW
KDYH EHHQ WKH VDPH ZLWKRXW \RX $ VSHFLDO PHQWLRQ PXVW JR WR &ODUH DQG 5HEHFFD RXU
GDLO\ UHQGLWLRQV RI :LFNHG RXWEXUVWV RI ³RK \D KDP´ DQG ILWV RI XQFRQWUROODEOH ODXJKWHU ZLOO
DOZD\V EH DPRQJ WKH EHVW PHPRULHV RI P\ 3K' 7R WKH ZKROH QHXUR JDQJ QRZ LQFOXGLQJ
-HQ 0DGG\ 5KRQD 6XVDQ 6XH DQG 9HUHQD EXW QRW IRUJHWWLQJ WKRVH ZKR DUH JRQH \RX
KDYH PDGH WKLV DGYHQWXUH VXFK D ODXJK ZLWK WKH JUHDW WLPHV ZH KDG 7KDQN \RX DOO
7KDQN \RX WR DOO P\ IULHQGV RXW RI WKH ODE WRR DSSDUHQWO\ WKHUH¶V DQ ³RXWVLGH´ RI WKH ODE
$ VSHFLDO PHQWLRQ JRHV WR .LUVW\ ZH VWDUWHG RXU XQL FDUHHUV WRJHWKHU PDQ\ \HDUV DJR
DV ZH VWHSSHG RII WKH WUDLQ DW 408 DQG ORRN DW XV QRZ 7KDQN \RX IRU NHHSLQJ PH VDQH
WKURXJKRXW ZLWK PDQ\ ODXJKV PDQ\ MDXQWV DQG PDQ\ URXWLQHV
)LQDOO\ , WKDQN DOO P\ IDPLO\ LQFOXGLQJ P\ GRJV %DLOH\ DQG 6DQGL , HVSHFLDOO\ WKDQN P\
JUDQGSDUHQWV WR ZKRP WKLV WKHVLV LV GHGLFDWHG , ZRXOG QRW EH ZKHUH , DP WRGD\ LI LW ZDV QRW
IRU \RXU HQFRXUDJHPHQW HQGOHVV VXSSRUW DQG ORYH ,¶P VWLOO QRW VXUH ZKHQ ,¶OO EH ILQLVKHG





6FKXOW] 9 %DUULH - $ 'RQDOG & / &UDZIRUG & / 0XOOLQ 0 $QGHUVRQ 7 -
6RORPRQ 7 %DUQHWW 6 & /LQLQJWRQ & .RKO $ :LOOLVRQ + - (GJDU - 0 
³2OLJRGHQGURF\WHV DUH VXVFHSWLEOH WR =LND YLUXV LQIHFWLRQ LQ D PRXVH PRGHO RI SHULQDWDO
H[SRVXUH LPSOLFDWLRQV IRU &16 FRPSOLFDWLRQV´ *OLD  SS ±
GRL doi.org/10.1002/glia.24010
%LMODQG 6 7KRPVRQ * (XVWRQ 0 0LFKDLO . 7KPPOHU . 0FNOLVFK 6 &UDZIRUG
& / %DUQHWW 6 & 0F/DXJKOLQ 0 $QGHUVRQ 7 - /LQLQJWRQ & %URZQ ( 5 .DON
PDQ ( 5 (GJDU - 0  ³$Q LQ YLWUR PRGHO IRU VWXG\LQJ &16 ZKLWH PDWWHU IXQF
WLRQDO SURSHUWLHV DQG H[SHULPHQWDO DSSURDFKHV´ )5HVHDUFK 
GRL doi.org/10.12688/f1000research.16802.1
$EVWUDFWV
&UDZIRUG & / 6PLWK 5 <D]GDQL 6 . (XVWRQ 0 .DVVPDQQ & .QHXVVHO 0
1DYH .$ (GJDU - 0 ³7KH P\HOLQLF FKDQQHO V\VWHP D KLJKZD\ WR WKH D[RJOLDO MXQF
WLRQ´ &ROG 6SULQJ +DUERXU *OLD LQ +HDOWK 	 'LVHDVH 2QOLQH FRQIHUHQFH -XO\ 

&UDZIRUG & / )HUJXVRQ 0 $ - 1DYH .$ (GJDU - 0 ³0HWDEROLF FKDUDFWHULVWLFV
RI JOLD LQ YLWUR LPSOLFDWLRQV IRU D[RQDO VXSSRUW"´ )HGHUDWLRQ RI (XURSHDQ 1HXURVFLHQFH
6RFLHWLHV )(16 *ODVJRZ 6FRWODQG 8QLWHG .LQJGRP RQOLQH -XO\  
&UDZIRUG & / )HUJXVRQ 0 $ - 1DYH .$ (GJDU - 0 ³0HWDEROLF FKDUDFWHULVWLFV
RI JOLD LQ YLWUR LPSOLFDWLRQV IRU D[RQDO VXSSRUW"´ WK 0ROHFXODU 0HFKDQLVPV RI $[RQ
'HJHQHUDWLRQ 0HHWLQJ /RFK /RPRQG 6FRWODQG 8QLWHG .LQJGRP 0DUFK  
&UDZIRUG & / )HUJXVRQ 0 $ - (GJDU - 0 ³0HWDEROLF FKDUDFWHULVDWLRQ RI ROLJR
GHQGURF\WHV LQ YLWUR´ 0\HOLQ 1HW]ZHUN .DVVHO *HUPDQ\ )HEUXDU\   0DUFK  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.QHXVVHO 0 1DYH .$ (GJDU - 0 ³7KH P\HOLQLF FKDQQHO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YL
'HFODUDWLRQ RI DXWKRUVKLS
, GHFODUH WKDW H[FHSW ZKHUH H[SOLFLW UHIHUHQFH LV PDGH WR WKH FRQWULEXWLRQ RI 
RWKHUV WKLV WKHVLV LV WKH UHVXOW RI P\ RZQ ZRUN DQG KDV QRW EHHQ VXEPLWWHG IRU DQ\ 
RWKHU GHJUHH DW WKH 8QLYHUVLW\ RI *ODVJRZ RU DQ\ RWKHU LQVWLWXWLRQ
6LJQHG








'HFODUDWLRQ RI DXWKRUVKLS YLL
&RQWHQWV YLLL
/LVW RI ILJXUHV [Y
/LVW RI WDEOHV [YLLL
/LVW RI DEEUHYLDWLRQV [L[
 /LWHUDWXUH UHYLHZ 
 ,QWURGXFWLRQ 
 $Q RYHUYLHZ RI WKH FHQWUDO QHUYRXV V\VWHP 
 'HYHORSPHQW RI WKH FHQWUDO QHUYRXV V\VWHP 
 7KH QHXURQ DQG LWV D[RQ 
 2OLJRGHQGURF\WHV 
 2OLJRGHQGURF\WH PDUNHUV 
 $VWURF\WHV 
 0LFURJOLD 
 0\HOLQ DQG P\HOLQDWLRQ 
 &RPSRVLWLRQ RI P\HOLQ 
 0\HOLQDWLRQ 
 0\HOLQ PDLQWDLQV P\HOLQDWHG D[RQ IXQFWLRQ 
 ,Q YLWUR VWXG\ RI QHXUDO FHOOV 
YLLL
 $Q RYHUYLHZ RI FHOOXODU HQHUJ\ SURGXFWLRQ 
 *O\FRO\VLV WULFDUER[\OLF DFLG F\FOH DQG HOHFWURQ WUDQVSRUW FKDLQ 
  R[LGDWLRQ RI IDWW\ DFLGV 
 /LSLG GURSOHWV 
 $XWRSKDJ\ 
 (QHUJ\ PHWDEROLVP LQ WKH FHQWUDO QHUYRXV V\VWHP 
 *OXFRVH ODFWDWH DQG QHXURPHWDEROLF FRXSOLQJ 
 .HWRQH ERGLHV 
 )DWW\ DFLG PHWDEROLVP 
 7KH UROH RI JDS MXQFWLRQV LQ JOLDO PHWDEROLF FRXSOLQJ 
 1DQRWXEHV 
 9XOQHUDELOLW\ RI ZKLWH PDWWHU WR K\SR[LD 
 +\SR[LF LQMXU\ 
 'HYHORSPHQWDO ZKLWH PDWWHU LQMXU\ 
 6SLQDO FRUG ZKLWH PDWWHU VXVFHSWLELOLW\ WR K\SR[LD 
 7KHVLV DLPV 
 0HWKRGV DQG PDWHULDOV 
 &RPPRQO\ XVHG EXIIHUV DQG VROXWLRQV 
 3KRVSKDWH EXIIHUHG VDOLQH 
 7ULVDFHWDWH('7$ EXIIHU 
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 $QLPDOV 
 3(277J PLFH 
 &HOO FXOWXUH 
 &RPPRQO\ XVHG PDWHULDOV 
 6WRFN VROXWLRQV DQG FRPPRQO\ XVHG UHDJHQWV 






 0DJQHWLFDFWLYDWHG FHOO VRUWLQJ EXIIHU 
 1 VXSSOHPHQW 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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 1DQRILEHUV 
 /DFWDWH GHK\GURJHQDVH UHOHDVH DVVD\ 
 3URSLGLXP LRGLGH ODEHOOLQJ 
 0LWR7UDFNHU ODEHOOLQJ 
 )L[DWLRQ 
 &U\RVHFWLRQLQJ 
 ,PPXQRF\WRFKHPLVWU\ DQG VWDLQLQJ RI FHOO FXOWXUHV 
 3KDOORLGLQ VWDLQLQJ 
 6WUHSWDYLGLQ ODEHOOLQJ RI ELRF\WLQ 
 /LSLG VWDLQV 
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 )OXRUHVFHQFH PLFURVFRS\ 
 ,OOXVWUDWLYH LPDJHV 
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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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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 (02/ QDQRWXEHOLNH VWUXFWXUHV 
 (OHFWURQ PLFURVFRS\ 
 7LVVXH SURFHVVLQJ 
 7UDQVPLVVLRQ HOHFWURQ PLFURVFRS\ 
 0ROHFXODU ELRORJ\ 
 51$ H[WUDFWLRQ 
 51$ SXULILFDWLRQ 
 F'1$ V\QWKHVLV 
 3ULPHU GHVLJQ 
[L
 57T3&5 ZLWK VWDQGDUG FXUYHV 
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 (02/ QDQRWXEHV DOORZ G\HFRXSOLQJ ZLWK DVWURF\WHV 
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GHSULYHG FRQGLWLRQV 
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 $Q DFLGLF PLOLHX LPSDFWV FHOO GHQVLWLHV LQ PL[HG JOLDO FXOWXUHV EXW WKH HIIHFW LV
QRW FRPSRXQGHG E\ JOXFRVH GHSULYDWLRQ 
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 *URZWK RI (02/V UHTXLUHV DPLQR DFLGV DQGRU YLWDPLQV EXW LV QRW LQIOXHQFHG
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JOXFRVH GHSULYDWLRQ LQGLFDWHG DW WKH OHYHO RI &SWD P51$ H[SUHVVLRQ 
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(02/ 3UHHDUO\ P\HOLQDWLQJ ROLJRGHQGURF\WH
(7& (OHFWURQ WUDQVSRUW FKDLQ
)$ )DWW\ DFLG
)$' )ODYLQ DGHQLQH GLQXFOHRWLGH
)$'+ )ODYLQ DGHQLQH GLQXFOHRWLGH   K\GURJHQ
*$3'+ *O\FHUDOGHK\GH SKRVSKDWH GHK\GURJHQDVH
J'1$ *HQRPLF GHR[\ULERQXFOHLF DFLG
*/87 *OXFRVH WUDQVSRUWHU
*2, *HQH RI LQWHUHVW
+%66 +DQN¶V EDODQFHG VDOW VROXWLRQ
+'$& +LVWRQH GHDFHW\ODVH
+( +LJKO\ HQULFKHG '0(0EDVHG PHGLD ULFK LQ HQHUJ\ VXEVWUDWHV
 P0 JOXFRVH  P0 S\UXYDWH  P0 JOXWDPLQH
+, +HDW LQDFWLYDWHG
+,) +\SR[LDLQGXFLEOH IDFWRU 
,$ 6RGLXP LRGRDFHWDWH
,)1  ,QWHUIHURQJDPPD
/&)$ /RQJFKDLQ IDWW\ DFLG
/'+ /DFWDWH GHK\GURJHQDVH
0$&6 0DJQHWLFDFWLYDWHG FHOO VRUWLQJ
0$* 0\HOLQDVVRFLDWHG JO\FRSURWHLQ
0%3 0\HOLQ EDVLF SURWHLQ
0&7 0RQRFDUER[\ODWH WUDQVSRUWHU
00& 0HWKDQROPHWK\O WHUWLDU\EXW\O HWKHUFKORURIRUP
02* 0\HOLQ ROLJRGHQGURF\WH JO\FRSURWHLQ
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06 0XOWLSOH VFOHURVLV
P725& 0DPPDOLDQ WDUJHW RI UDSDP\FLQ FRPSOH[ 
1$' 1LFRWLQDPLGH DGHQLQH GLQXFOHRWLGH
1$'+ 1LFRWLQDPLGH DGHQLQH GLQXFOHRWLGH  K\GURJHQ




16& 1HXUDO VWHP FHOO
2*' 2[\JHQJOXFRVH GHSULYDWLRQ
23& 2OLJRGHQGURF\WH SURJHQLWRU FHOO
3 3RVWQDWDO GD\






US 3HDUVRQ FRUUHODWLRQ FRHIILFLHQW
52, 5HJLRQ RI LQWHUHVW
526 5HDFWLYH R[\JHQ VSHFLHV
6(0 6WDQGDUG HUURU RI WKH PHDQ
60$ 6SLQDO PXVFXODU DWURSK\
601 6XUYLYDO RI PRWRU QHXURQ
62 6DOWVRQO\
FHOO FXOWXUH PHGLD FRQWDLQLQJ RQO\ WKH LQRUJDQLF VDOWV RI '0(0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W ([SHULPHQWDO WLPH ]HUR
7&$ 7ULFDUER[\OLF DFLG
7* 7ULJO\FHULGH DOVR NQRZQ DV WULDF\OJO\FHURO
71) 7XPRXU QHFURVLV IDFWRU
9/&)$ 9HU\ORQJFKDLQ IDWW\ DFLG







7KLV WKHVLV VHW RXW WR LQYHVWLJDWH WKH UHVSRQVH RI VSLQDO FRUG SUHHDUO\ P\HOLQDWLQJ ROLJR
GHQGURF\WHV (02/V WR K\SR[LDLVFKDHPLD DQG LWV VHFRQGDU\ FRQVHTXHQFHV VXFK DV
DFLGRVLV GHSULYDWLRQ RI HQHUJ\ VXEVWUDWHV DQGRU YLWDPLQV DQG DPLQR DFLGV DQG LQMXU\ E\
LQIODPPDWRU\ IDFWRUV 'XH WR WKH XQH[SHFWHG REVHUYDWLRQ WKDW (02/V DQG DVVRFLDWHG JOLD
VXUYLYHG LQ FHOO FXOWXUH IRU VL[ GD\V LQ WKH DEVHQFH RI JOXFRVH DQG RWKHU H[RJHQRXV HQHUJ\
VXEVWUDWHV WKH IRFXV PRYHG WRZDUGV GHWHUPLQLQJ WKH FHOOLQWULQVLF IDFWRUV VSLQDO FRUG JOLDO
FHOOV XVH IRU VXUYLYDO LQ WKHVH FLUFXPVWDQFHV 7KH IROORZLQJ OLWHUDWXUH UHYLHZ SURYLGHV DQ
RYHUYLHZ RI WKH FHQWUDO QHUYRXV V\VWHP &16 LWV HQHUJ\ PHWDEROLVP DQG YXOQHUDELOLW\ WR
K\SR[LDLVFKDHPLD SODFLQJ WKLV ERG\ RI ZRUN LQ WKH FRQWH[W RI GHYHORSPHQWDO P\HOLQDWLRQ
 $Q RYHUYLHZ RI WKH FHQWUDO QHUYRXV V\VWHP
7KH &16 LV WKH FRRUGLQDWLRQ FHQWUH IRU PRVW RI WKH ERG\¶V IXQFWLRQV UHVSRQVLEOH IRU
LQWHJUDWLQJ VHQVRU\ LQIRUPDWLRQ IURP WKH SHULSKHU\ DQG GLUHFWLQJ DSSURSULDWH UHVSRQVHV WR
UHJXODWH VXFK WKLQJV DV WHPSHUDWXUH WKLUVW KXQJHU PRWRU IXQFWLRQ VSHHFK DQG SRVWXUH
7KH EUDLQ VSLQDO FRUG DQG RSWLF QHUYH FRPSULVH WKH &16 DQG LW LV HVWLPDWHG WKH\ FRQWDLQ
DURXQG  ELOOLRQ QHXURQV LQ KXPDQV $]HYHGR HW DO  +LJKO\ LQWHUFRQQHFWHG QHXURQDO
FLUFXLWV WUDQVPLW LQIRUPDWLRQ HQFRGHG HOHFWULFDOO\ DQG FKHPLFDOO\ DIIRUGLQJ FRRUGLQDWHG
PRYHPHQW FRQVFLRXVQHVV PHPRU\ DQG RWKHU KLJKHU H[HFXWLYH IXQFWLRQ
7KH VWUXFWXUH DQG IXQFWLRQ RI QHXURQV DUH VXSSRUWHG E\ DQ HTXDO QXPEHU RI QRQQHXURQDO
FHOOV $]HYHGR HW DO  FDOOHG ³JOLD´ GHULYHG IURP *UHHN PHDQLQJ ³JOXH´ *OLD DUH QRQ
YDVFXODU QRQHSLWKHOLDO DQG GR QRW JHQHUDWH DFWLRQ SRWHQWLDOV %XOORFN  9HUNKUDWVN\
DQG %XWW  7KH\ LQVWHDG SHUIRUP KRXVHNHHSLQJ UROHV VXFK DV PDLQWDLQLQJ KRPHRVWD
VLV RI QHXURWUDQVPLWWHUV PHWDEROLWHV DQG LRQV DW WKH ORFDO OHYHO ZKLOVW DOVR GLUHFWLQJ QHUYRXV
V\VWHP VWUXFWXUH DQG FHOO QXPEHU $GGLWLRQDOO\ JOLD DUH UHTXLUHG IRU PDLQWDLQLQJ V\QDSVH
IXQFWLRQ DQG SURYLGLQJ PHWDEROLF VXSSRUW WR QHXURQV %DUUHV  )QIVFKLOOLQJ HW DO
 )LHOGV HW DO  2OLJRGHQGURF\WHV DQG WKHLU SUHFXUVRUV DVWURF\WHV PLFURJOLD
DQG HSHQG\PDO FHOOV DUH WKH PDMRU QHXURJOLD

&KDSWHU 
&RPPXQLFDWLRQ EHWZHHQ QHXURQV RFFXUV WKURXJK WKH UDSLG DQG KLJKO\ RUJDQLVHG SURSDJD
WLRQ RI DFWLRQ SRWHQWLDOV DORQJ D[RQV DQG UHOHDVH RI QHXURWUDQVPLWWHUV DW V\QDSVHV 7KH
VSHHG DW ZKLFK VLJQDOV DUH FRQYH\HG DORQJ DQ D[RQ GHSHQGV RQ D[RQDO GLDPHWHU DQG
P\HOLQDWLRQ 1RQP\HOLQDWHG D[RQV KDYH FRQGXFWDQFH YHORFLWLHV UDQJLQJ IURP   
PV 3XUYHV HW DO  0XFK OLNH DQ HOHFWULFDO ZLUH ODUJHGLDPHWHU D[RQV KDYH ORZHU
UHVLVWDQFH DQG FDUU\ DFWLRQ SRWHQWLDOV IDVWHU WKDQ VPDOOGLDPHWHU D[RQV 0\HOLQ ZKLFK
DSSHDUHG PRUH WKDQ  PLOOLRQ \HDUV DJR %XOORFN HW DO  LQFUHDVHV WKH UDWH RI
QHXURQDO VLJQDOOLQJ ZKLOVW VDYLQJ VSDFH E\ HOLPLQDWLQJ WKH QHHG IRU ODUJH GLDPHWHU D[RQV
VHPLQDO ZRUN E\ 5XVKWRQ 
0\HOLQDWLRQ RI WLJKWO\ EXQGOHG D[RQV ZLWKLQ ILEUH WUDFWV DIIRUGV WKH GLYLVLRQ RI WKH &16 LQWR
ZKLWH DQG JUH\ PDWWHU GHILQHG E\ WKH FRORXU RI HDFK :KLWH DQG JUH\ PDWWHU KDYH GLVWLQFW
FHOOXODU FRPSRVLWLRQV DUFKLWHFWXUH DQG IXQFWLRQ $OWKRXJK JOLD DUH GLVWULEXWHG WKURXJKRXW
ERWK QHXURQDO FHOO ERGLHV DUH EURDGO\ UHVWULFWHG WR WKH JUH\ PDWWHU EXW H[WHQG D[RQV WKURXJK
WKH ZKLWH PDWWHU IRUPLQJ D[RQDO WUDFWV $QDWRPLFDOO\ ZKLWH PDWWHU LV ORFDWHG XQGHU JUH\
PDWWHU LQ WKH EUDLQ LH XQGHU WKH FRUWH[ ZKHUHDV LQ WKH VSLQDO FRUG ZKLWH PDWWHU VXUURXQGV
PRVW RI WKH JUH\ PDWWHU WKH ODWWHU IRUPLQJ D EXWWHUIO\VKDSHG VWUXFWXUH )LJXUH  7KH
RSWLF QHUYH LV D SXUH ZKLWH PDWWHU WUDFW
'HVSLWH LWV FRPSOH[LW\ DQG QHFHVVLW\ IRU OLIH WKH &16 KDV OLWWOH WROHUDQFH WR LQMXU\ GXULQJ
GHYHORSPHQW DQG OLPLWHG FDSDFLW\ IRU UHSDLU DQG UHJHQHUDWLRQ LQ DGXOWKRRG UHODWLYH WR RWKHU
RUJDQV 7KHUHIRUH WKH EUDLQ DQG VSLQDO FRUG DUH KLJKO\ SURWHFWHG E\ VHYHUDO DQDWRPLFDO
IHDWXUHV )RU H[DPSOH WKH VNXOO ERQHV YHUWHEUDH DQG WKH FHUHEUDO VSLQDO IOXLG LQ WKH
VXEDUDFKQRLG VSDFH SURWHFW WKH EUDLQ DQG VSLQDO FRUG IURP SK\VLFDO LPSDFW ZKHUHDV WKH
EORRGEUDLQ EDUULHU %%% VHSDUDWHV WKLV FRPSDUWPHQW ELRFKHPLFDOO\ E\ DFWLQJ DV D KLJKO\
VHOHFWLYH EDUULHU EHWZHHQ WKH &16 DQG V\VWHPLF FLUFXODWLRQ $EERWW HW DO  %DQNV

 'HYHORSPHQW RI WKH FHQWUDO QHUYRXV V\VWHP
7KH PDPPDOLDQ &16 LV IRUPHG IURP QHXURHSLWKHOLDO FHOOV 1(&V RI WKH QHXURHFWRGHUP
ZKLFK JLYH ULVH WR WKH QHXUDO WXEH LQ WKH WKLUG ZHHN SRVWIHUWLOLVDWLRQ LQ KXPDQV 6DGOHU









)LJXUH  _ $QDWRPLFDO DUUDQJHPHQW RI JUH\ DQG ZKLWH PDWWHU LQ WKH KXPDQ &16
6FKHPDWLFV RI D EUDLQ DQG E VSLQDO FRUG LQ FRURQDO DQG WUDQVYHUVH VHFWLRQ UHVSHFWLYHO\
*UH\ GDUN JUH\ DQG ZKLWH PDWWHU OLJKW JUH\ DUH VKRZQ

&KDSWHU 
WXEH LV D FRPSOH[ SURFHVV RUFKHVWUDWHG E\ PRUSKRJHQV VXFK DV ILEUREODVW JURZWK IDFWRUV
UHWLQRLF DFLG 6RQLF KHGJHKRJ DQG ERQH PRUSKRJHQHWLF SURWHLQV VHFUHWHG LQ D VSDWLDOO\ DQG
WHPSRUDOO\ FRQWUROOHG SDWWHUQ *XpURXW HW DO  7KH FRQYHUVLRQ RI 1(&V WR QHXUDO VWHP
FHOOV 16&V LV UHJXODWHG E\ 1RWFK VLJQDOOLQJ ZKLFK GULYHV QHXURQDO GLIIHUHQWLDWLRQ WKURXJK
LQWUDFHOOXODU VLJQDOOLQJ LQ 16& SURJHQ\ 6WROIL HW DO  7KH SURFHVV RI QHXURJHQHVLV
EHJLQV HDUO\ LQ HPEU\RQLF GHYHORSPHQW DQG ILQLVKHV LQ HDUO\ SRVWQDWDO OLIH ZLWK OLPLWHG
QHXURJHQHVLV LQ WKH DGXOW &16 3DULGDHQ DQG +XWWQHU 
*OLRJHQHVLV VWDUWV ODWHU LQ HPEU\RQLF GHYHORSPHQW DW DURXQG  ZHHNV LQ KXPDQV /HH
HW DO  DQG ( LQ PLFH +LQGV  FRQWLQXLQJ LQWR SRVWQDWDO OLIH DQG DGXOWKRRG LQ
ERWK VSHFLHV 3URJHQLWRUV GHULYHG IURP 16&V JLYH ULVH WR DVWURF\WHV DQG ROLJRGHQGURJOLD
DQG ERWK DUH GHWHFWHG IURP DURXQG ( LQ PLFH ILUVW LQ WKH VSLQDO FRUG 5LFKDUGVRQ
HW DO  +RFKVWLP HW DO  0LFURJOLD DUH XQLTXH DV WKH\ RULJLQDWH RXWVLGH RI WKH
&16 LQ WKH HPEU\RQLF \RON VDF DQG SRSXODWH WKH EUDLQ DW DURXQG  ZHHNV RI JHVWDWLRQ DQG
WKH VSLQDO FRUG DW DURXQG  ZHHNV LQ KXPDQV +XWFKLQV HW DO  5H]DLH DQG 0DOH
 DQG ( LQ URGHQW EUDLQ 0RUULV HW DO  *LQKRX[ DQG 0HUDG 
 7KH QHXURQ DQG LWV D[RQ
1HXURQDO FHOO ERGLHV UHFHLYH LQSXWV WKURXJK QHXURWUDQVPLWWHU UHFHSWRUV RQ GHQGULWHV DQG
JHQHUDWH DFWLRQ SRWHQWLDOV DW WKH D[RQ LQLWLDO VHJPHQW 7KHVH DUH WKHQ WUDQVPLWWHG DORQJ
WKH D[RQ WR FRQYH\ LQIRUPDWLRQ WR WDUJHW QHXURQV 0XOWLSOHV RI WKHVH IRUP YDVW QHXUDO
QHWZRUNV 1HXURQV UHFHLYH LQSXWV DW PXOWLSOH V\QDSVHV RQ PXOWLSOH GHQGULWHV EXW PRVW
UHOD\ LQIRUPDWLRQ DORQJ D VLQJOH ORQJ D[RQ VRPH RI ZKLFK ELIXUFDWH RIWHQ PXOWLSOH WLPHV
0RVW D[RQV LQ WKH &16 KDYH D GLDPHWHU ODUJHU WKDQ  P DQG DUH P\HOLQDWHG UHYLHZHG
LQ )DEHU DQG 3HUHGD  $W WKH SUHV\QDSWLF WHUPLQDO D QHXURWUDQVPLWWHU LV UHOHDVHG
DQG ELQGV WR UHFHSWRUV RQ WKH SRVWV\QDSWLFHIIHFWRU QHXURQ 'LUHFW WUDQVIHU RI WKH DFWLRQ
SRWHQWLDO FDQ RFFXU LQ VRPH FDVHV )DEHU DQG 3HUHGD 
 2OLJRGHQGURF\WHV
2OLJRGHQGURF\WHV SURGXFH DQG PDLQWDLQ WKH P\HOLQ VKHDWK 7KH\ DUH GLVWULEXWHG WKURXJKRXW
WKH &16 EXW DUH PRVW DEXQGDQW LQ ZKLWH PDWWHU 2OLJRGHQGURJOLD LV D WHUP WKDW HQFRPSDVVHV

&KDSWHU 
ERWK LPPDWXUH DQG PDWXUH FHOOV DQG LQ WRWDO WKH\ DUH HVWLPDWHG WR FRQWULEXWH  
PLOOLRQ RI DOO FHOOV LQ WKH DGXOW PRXVH EUDLQ 9DOpULR*RPHV HW DO  'XULQJ JOLRJHQHVLV
16&V JLYH ULVH WR ROLJRGHQGURF\WH SUHSURJHQLWRUV WKDW GLIIHUHQWLDWH LQWR ROLJRGHQGURF\WH
SURJHQLWRU FHOOV 23&V DQG PLJUDWH IURP WKH VLWHV RI JHQHUDWLRQ WKURXJKRXW WKH EUDLQ RSWLF
QHUYH DQG VSLQDO FRUG 3ULQJOH DQG 5LFKDUGVRQ  .HVVDULV HW DO  23&V LQ WKH
EUDLQ DQG VSLQDO FRUG RULJLQDWH IURP GLIIHUHQW UHJLRQV RI WKH GHYHORSLQJ &16 UHYLHZHG LQ
%UDGO DQG /DVVPDQQ  ,Q WKH VSLQDO FRUG PRVW RULJLQDWH IURP WKH YHQWUDO SRUWLRQ
RI WKH QHXUDO WXEH DQG PLJUDWH WKURXJKRXW WKH VSLQDO FRUG ,Q WKH PRXVH EUDLQ 23&V
DUH GLVWULEXWHG LQ WKUHH GLVWLQFW ZDYHV RULJLQDWLQJ IURP GLIIHUHQW DUHDV WKH ILUVW ZDYH IURP
WKH PHGLDO JDQJOLRQLF HPLQHQFH DQG WKH DQWHULRU HQWRSHGXQFXODU DUHD DW DURXQG (
WKH VHFRQG IURP WKH ODWHUDO DQG FDXGDO JDQJOLRQLF HPLQHQFH DW DURXQG ( WKH WKLUG
RFFXUV LQ SRVWQDWDO OLIH IURP WKH QHRFRUWH[ .HVVDULV HW DO  23&V IURP WKH ILUVW
HPEU\RQLF ZDYH GR QRW FRQWULEXWH WR P\HOLQDWLRQ LQ SRVWQDWDO OLIH .HVVDULV HW DO 
23&V DUH PXOWLSRWHQW DQG FDQ GLIIHUHQWLDWH LQWR ROLJRGHQGURF\WHV DVWURF\WHV QHXURQV RU
HYHQ 6FKZDQQ FHOOV LQ VRPH FLUFXPVWDQFHV 0LURQ HW DO 
'XULQJ P\HOLQDWLRQ 23&V H[LW WKH FHOO F\FOH DQG EHFRPH SRVWPLWRWLF LPPDWXUH ROLJR
GHQGURF\WHV WKHQ SUHP\HOLQDWLQJ ROLJRGHQGURF\WHV 0LOOHU  7KH ZKLWH PDWWHU ROLJR
GHQGURF\WH SRSXODWLRQ LV HVWDEOLVKHG LQ WKH ILUVW \HDUV RI OLIH *UH\ PDWWHU LV PRUH SODVWLF
ZLWK ROLJRGHQGURF\WH JHQHUDWLRQ FRQWLQXLQJ LQ DGXOWKRRG <HXQJ HW DO  ,QMXU\ WR
SUHHDUO\ P\HOLQDWLQJ ROLJRGHQGURF\WHV VXEVHTXHQWO\ UHIHUUHG WR DV (02/V RU WR WKH
23& SRRO GXULQJ GHYHORSPHQW VHYHUHO\ LPSDFWV P\HOLQDWLRQ DV GLVFXVVHG LQ VHFWLRQ 
$PDWXUH ROLJRGHQGURF\WH FDQ IRUP EHWZHHQ  DQG P\HOLQDWHG LQWHUQRGHV EXW UDUH VSLQDO
FRUG ROLJRGHQGURF\WHV P\HOLQDWH RQO\ D VLQJOH ODUJH GLDPHWHU D[RQ 0DWWKHZV DQG 'XQFDQ
 +LOGHEUDQG HW DO  &KRQJ HW DO  2OLJRGHQGURF\WHV ZHUH FODVVLILHG LQWR
IRXU W\SHV E\ GHO 5tR+RUWHJD  EDVHG RQ PRUSKRORJ\ DV UHYLHZHG LQ 3pUH]&HUGi
HW DO  7\SH , ROLJRGHQGURF\WHV SURGXFH P\HOLQ VKHDWKV RQ VPDOOGLDPHWHU D[RQV
WKDW UXQ LQ PDQ\ GLUHFWLRQV W\SH ,, DUH VLPLODU EXW WKHLU P\HOLQ VKHDWKV DUH RUJDQLVHG LQ
SDUDOOHO W\SH ,,, SURGXFH IHZHU P\HOLQ VKHDWKV EXW ZUDS ODUJHU GLDPHWHU D[RQV W\SH ,9
KDYH WKHLU FHOO ERGLHV FORVH WR D VLQJOH ODUJHGLDPHWHU D[RQ
7KH (02/ LV KLJKO\ PHWDEROLFDOO\ DFWLYH GXH WR WKH HQHUJ\H[SHQVLYH OLSLG DQG SURWHLQ

&KDSWHU 
V\QWKHVLV UHTXLUHG WR IRUP WKH P\HOLQ VKHDWK 7KH V\QWKHVLV RI P\HOLQ OLSLGV LV  WLPHV PRUH
HQHUJ\ H[SHQVLYH WKDQ WKH V\QWKHVLV RI P\HOLQ SURWHLQV +DUULV HW DO  DQG D VLQJOH
ROLJRGHQGURF\WH LV HVWLPDWHG WR JHQHUDWH XS WR  P RI PHPEUDQH SHU GD\
7KLV UHVXOWV LQ DQ HVWLPDWHG  P RI P\HOLQ PHPEUDQH SHU DGXOW ROLJRGHQGURF\WH LQ
WKH UDW EUDLQ 3IHLIIHU HW DO  7KH SURFHVV RI P\HOLQDWLRQ LV GLVFXVVHG LQ VHFWLRQ 
 2OLJRGHQGURF\WH PDUNHUV
7KH H[SUHVVLRQ RI VSHFLILF SURWHLQ ³PDUNHUV´ LV XVHG WR GHILQH ROLJRGHQGURJOLDO PDWXUDWLRQ
DQG LV VXPPDULVHG LQ )LJXUH  $OO FHOOV RI WKH ROLJRGHQGURJOLDO OLQHDJH H[SUHVV 2OLJ
2OLJ DQG 62; 2OLJRGHQGURF\WH SUHSURJHQLWRUV H[SUHVV 2OLJ $% DQG 3'*)5↵
ORZ H[SUHVVLRQ &RPPLWWHG 23&V H[SUHVV 3'*)5↵ KLJK H[SUHVVLRQ DQG 1* 3RVW
PLWRWLF GLIIHUHQWLDWHG LPPDWXUH ROLJRGHQGURF\WHV FRQWLQXH WR H[SUHVV 3'*)5↵ ORZ 1*
KLJK $% DQG VXOIDWLGH WKH ODWWHU RI ZKLFK LV UHFRJQLVHG E\ WKH DQWLERG\ 2 /HYLQH
HW DO  *KRXPDUL HW DO  .XKQ HW DO  7KH (02/ SRSXODWLRQ FDQ EH
GLVWLQJXLVKHG E\ H[SUHVVLRQ RI WKH UHFHQWO\ LGHQWLILHG EUHDVW FDUFLQRPD DPSOLILHG VHTXHQFH
 %&$6 PDUNHU )DUG HW DO  7KH\ DQG PDWXUH ROLJRGHQGURF\WHV DUH DOVR SRVLWLYH
IRU DGHQRPDWRXV SRO\SRVLV FROL FRPPRQO\ UHIHUUHG WR DV && DIWHU WKH DQWLERG\ FORQH WKDW
UHFRJQLVHV LW DQWL$3& FORQH && ELQGV WR 4XDNLQJ  SURWHLQ %LQ HW DO  0\HOLQ
DVVRFLDWHG JO\FRSURWHLQ 0$* LV DOVR H[SUHVVHG DW WKLV VWDJH ZLWK VRPH H[SUHVVLRQ RI
00F\FOLFQXFOHRWLGH 0SKRVSKRGLHVWHUDVH &13 0DWXUH P\HOLQDWLQJ ROLJRGHQGURF\WHV
DUH QHJDWLYH IRU %&$6 DQG H[SUHVV WKH PDMRU P\HOLQDVVRFLDWHG SURWHLQV VXFK DV P\HOLQ
EDVLF SURWHLQ 0%3 SURWHROLSLG SURWHLQ 3/3 DQG P\HOLQ ROLJRGHQGURF\WH JO\FRSURWHLQ
02*
 $VWURF\WHV
$VWURF\WHV DUH EHVW NQRZQ IRU WKHLU UROH LQ WKH IRUPDWLRQ DQG PDLQWHQDQFH RI WKH %%%
$EERWW HW DO  +RZHYHU WKH\ KDYH PDQ\ RWKHU ZHOOFKDUDFWHULVHG UROHV LQ WKH &16
LQFOXGLQJ WKH UHJXODWLRQ RI ORFDO EORRG IORZ +RZDUWK  PDLQWHQDQFH RI &16 KRPH
RVWDVLV 6RIURQLHZ DQG 9LQWHUV  UHJXODWLQJ QHXURQDO FLUFXLWU\ IXQFWLRQ +DLP DQG
5RZLWFK  DQG VXSSRUWLQJ P\HOLQDWLRQ 7UDLIIRUW HW DO  'XULQJ GHYHORSPHQW







































)LJXUH  _ 6WDJHV RI ROLJRGHQGURJOLDO PDWXUDWLRQ DQG H[SUHVVHG PDUNHUV ([SUHV
VLRQ RI SDUWLFXODU SURWHLQ PDUNHUV FDQ EH XVHG WR GHWHUPLQH WKH GHYHORSPHQWDO VWDJH RI
ROLJRGHQGURJOLD %ROG WH[W VLJQLILHV D FRPPRQO\ XVHG PDUNHU )LJXUH DGDSWHG IURP .XKQ
HW DO  DQG VXSSOHPHQWHG ZLWK LQIRUPDWLRQ IURP /HYLQH HW DO  *KRXPDUL HW DO
 DQG )DUG HW DO  $EEUHYLDWLRQV $% JDQJOLRVLGHV $3& DGHQRPDWRXV SRO\
SRVLV FROL FRPPRQO\ UHIHUUHG WR DV && %&$6 EUHDVW FDUFLQRPD DPSOLILHG VHTXHQFH 
&13 00F\FOLFQXFOHRWLGH 0SKRVSKRGLHVWHUDVH '0 SURWHROLSLG SURWHLQ VSOLFH YDULDQW
(133 HFWRQXFOHRWLGH S\URSKRVSKDWDVHSKRVSKRGLHVWHUDVH  *DO& JDODFWRFHUHEURVL
GDVH *' JDQJOLRVLGH 0$* P\HOLQDVVRFLDWHG JO\FRSURWHLQ 0%3 P\HOLQ EDVLF SURWHLQ
02* P\HOLQ ROLJRGHQGURF\WH JO\FRSURWHLQ 1* PHPEUDQH FKRQGURLWLQ VXOIDWH SURWHRJO\
FDQ 2 VXOIDWLGH 2OLJ DQG  ROLJRGHQGURF\WH WUDQVFULSWLRQ IDFWRU 23& ROLJRGHQGURF\WH
SURJHQLWRU FHOO 233 ROLJRGHQGURF\WH SUHSURJHQLWRU 3'*)5↵ SODWHOHWGHULYHG JURZWK
IDFWRU UHFHSWRU DOSKD 3/3 SURWHROLSLG SURWHLQ 36$±1&$0 SRO\VLDOLF DFLGQHXUDO FHOO
DGKHVLRQ PROHFXOH 62; 65<ER[ 7UDQVFULSWLRQ )DFWRU 

&KDSWHU 
GXULQJ JOLRJHQHVLV DW DURXQG ( LQ PRXVH VSLQDO FRUG RU ( IRU EUDLQ /LNH ROLJRGHQGUR
F\WHV VSLQDO FRUG DQG EUDLQ DVWURF\WHV RULJLQDWH IURP GLIIHUHQW DUHDV RI WKH GHYHORSLQJ
&16 UHYLHZHG LQ %D\UDNWDU HW DO  7KH H[DFW SUHFXUVRU FHOO SRSXODWLRQ DQG WKHLU
H[SUHVVHG PDUNHUV KDYH QRW EHHQ IXOO\ GHVFULEHG $NGHPLU HW DO  $VWURF\WHV DUH
KLJKO\ SUROLIHUDWLYH DQG H[SDQG LQ QXPEHUV GXULQJ HDUO\ SRVWQDWDO OLIH WR VXSSRUW WKH JURZWK
DQG H[SDQVLRQ RI WKH &16 WLVVXHV %DQGHLUD HW DO  7KURXJKRXW OLIH DVWURF\WHV
DUH RQH RI WKH PDLQ UHVSRQGHUV WR WLVVXH GDPDJH VXFK DV WUDXPD RU GHP\HOLQDWLRQ E\
SUROLIHUDWLQJ DQG WDNLQJ RQ D UHDFWLYH SKHQRW\SH UHYLHZHG LQ (VFDUWLQ HW DO 
$VWURF\WHV DUH WKH RQO\ &16 FHOOV WKDW VWRUH JO\FRJHQ :DLWW HW DO  DQ LQWUDFHOOXODU
JOXFRVH VWRUH IRUPHG E\ OLQNLQJ JOXFRVH UHVLGXHV LQWR EUDQFKHGFKDLQ SRO\PHUV 5HFHQWO\
WKH\ ZHUH VKRZQ WR DFFXPXODWH 7*ULFK OLSLG GURSOHWV LQ FHOO FXOWXUH ZKHQ SURYLGHG ZLWK D
OLSLGULFK FXOWXUH PHGLXP )DUPHU HW DO  6PROLþ HW DO  VXJJHVWLQJ WKH\ KDYH DQ
DGGLWLRQDO HQHUJ\ UHVHUYRLU /HH HW DO  *O\FRJHQ DQG OLSLG PHWDEROLVP DUH IXUWKHU
GLVFXVVHG LQ VHFWLRQ 
 0LFURJOLD
7KH UHVLGHQW WLVVXH PDFURSKDJHV RI WKH &16 DUH PLFURJOLD ZKLFK SRSXODWH WKH &16 GXULQJ
HPEU\RQLF GHYHORSPHQW &XUUHQWO\ WKH FRQVHQVXV LV WKH\ DUH GHULYHG IURP HU\WKURP\HORLG
SUHFXUVRUV PDFURSKDJH SUHFXUVRUV JHQHUDWHG LQ WKH \RON VDF WKDW PLJUDWH LQWR WKH GH
YHORSLQJ QHUYRXV V\VWHP DURXQG ( LQ PRXVH *LQKRX[ DQG *XLOOLDPV  7KXV
PLFURJOLDO SUHFXUVRUV SRSXODWH WKH &16 EHIRUH ROLJRGHQGURF\WHV RU DVWURF\WHV 0LFURJOLD LQ
WKH GHYHORSLQJ &16 DUH PRUH PRELOH DQG DPRHERLG LQ PRUSKRORJ\ FRPSDUHG WR DGXOWKRRG
/DZVRQ HW DO  ZKHUH WKH\ KDYH D UDPLILHG PRUSKRORJ\ 7KH\ DOVR KDYH D KLJKHU
SUROLIHUDWLYH FDSDFLW\ LQ HDUO\ OLIH $VNHZ HW DO  %HQQHWW HW DO  ,W LV WKRXJKW WKLV
FKDQJH LQ SKHQRW\SH KLJKOLJKWV WKHLU LQYROYHPHQW LQ SKDJRF\WRVLV DQG FHOOXODU UHPRGHOOLQJ
GXULQJ GHYHORSPHQW UHYLHZHG LQ 0DWFRYLWFK1DWDQ HW DO  0LFURJOLD SOD\ D UROH LQ
QHXURQDO FLUFXLW IRUPDWLRQ E\ SKDJRF\WRVLQJ H[FHVVLYH V\QDSVHV IRUPHG GXULQJ GHYHORS
PHQW E\ ³V\QDSVH SUXQLQJ´ UHYLHZHG LQ :X HW DO  5HFHQWO\ PLFURJOLD ZHUH VKRZQ
WR SKDJRF\WRVH H[FHVV P\HOLQ SURGXFHG GXULQJ P\HOLQDWLRQ DQG DUH WKHUHIRUH FULWLFDO IRU
DSSURSULDWH P\HOLQDWLRQ +XJKHV DQG $SSHO  7KH\ DOVR FOHDU P\HOLQ GHEULV IROORZLQJ

&KDSWHU 
GHP\HOLQDWLRQ 1HXPDQQ HW DO  IDFLOLWDWLQJ UHP\HOLQDWLRQ E\ GLIIHUHQWLDWLQJ 23&V
.RWWHU HW DO 
,Q WKH DGXOW EUDLQ PLFURJOLDO VRPDV DUH W\SLFDOO\ VWDWLRQDU\ ZLWK WKHLU UDPLILHG SURFHVVHV VXU
YH\LQJ WKHLU LPPHGLDWH HQYLURQPHQW E\ FRQWLQXRXVO\ H[WHQGLQJ DQG UHWUDFWLQJ 1LPPHUMDKQ
HW DO  0LFURJOLD EHFRPH ³DFWLYDWHG´ IROORZLQJ H[SRVXUH WR SDWKRJHQV LQIODPPDWRU\
F\WRNLQHV RU FHOO GDPDJH 7KLV XVXDOO\ LQYROYHV WKHP UHWUDFWLQJ ILQH FHOOXODU SURFHVVHV
DQG VHFUHWLQJ SUR RU DQWLLQIODPPDWRU\ IDFWRUV $OWKRXJK WKHVH IXQFWLRQV VHUYH WR PDLQWDLQ
&16 KRPHRVWDVLV FKURQLFDOO\ DFWLYDWHG PLFURJOLD FDQ FRQWULEXWH WR GLVHDVH SDWKRJHQHVLV
E\ FDXVLQJ FROODWHUDO WLVVXH GDPDJH UHYLHZHG LQ %DFKLOOHU HW DO 
 0\HOLQ DQG P\HOLQDWLRQ
7KH P\HOLQ VKHDWK LV DQ H[WHQVLRQ RI WKH ROLJRGHQGURF\WH FHOO PHPEUDQH WKDW LV IRUPHG LQWR
KLJKO\ RUJDQLVHG FRQFHQWULF OD\HUV DURXQG D[RQV 0\HOLQDWLRQ LQFUHDVHV D[RQ FRQGXFWDQFH
E\ IDFLOLWDWLQJ VDOWDWRU\ FRQGXFWLRQ 7DVDNL  DQG DOORZV P\HOLQDWHG D[RQV WR FDUU\
HOHFWULFDO VLJQDOV XS WR WLPHV IDVWHU WKDQ QRQP\HOLQDWHG D[RQV RI WKH VDPH GLDPHWHU
UHYLHZHG LQ &DVWHOIUDQFR DQG +DUWOLQH  $GGLWLRQDOO\ VDOWDWRU\ FRQGXFWLRQ LV YHU\
HQHUJ\ HIILFLHQW DV DFWLRQ SRWHQWLDOV DQG WKXV LRQ IOX[HV DUH FRQILQHG WR WKH QRGH RI 5DQYLHU
DQG MX[WDSDUDQRGH UDWKHU WKDQ DORQJ WKH HQWLUH OHQJWK RI WKH D[RQ UHYLHZHG LQ 5RVHQEOXWK
 DQG 1DYH DQG :HUQHU  ,Q UHFHQW \HDUV LW KDV EHFRPH HYLGHQW WKDW WKH
ROLJRGHQGURF\WH DQG LWV P\HOLQ VKHDWK DUH QRW VLPSO\ DQ D[RQDO LQVXODWRU WKH\ VXSSRUW DQG
LQIOXHQFH D[RQDO IXQFWLRQ UHYLHZHG LQ 1DYH DQG :HUQHU  DQG 6WDVVDUW HW DO 
)XUWKHUPRUH P\HOLQ LV PRUH SODVWLF WKDQ SUHYLRXVO\ WKRXJKW UHYLHZHG LQ &KRUJKD\ HW DO
 DQG UHTXLUHV FRQVWDQW WXUQRYHU WKURXJKRXW OLIH 0HVFKNDW HW DO 
 &RPSRVLWLRQ RI P\HOLQ
0\HOLQ LV D OLSLGULFK PHPEUDQH WKDW FRQVLVWV RI DSSUR[LPDWHO\  OLSLG DQG  SURWHLQ E\
GU\ ZHLJKW 1RUWRQ DQG 3RGXVOR  1RUWRQ DQG &DPPHU  ,Q WKH OLSLG SRUWLRQ WKHUH
DUH IRXU PDLQ FODVVHV RI OLSLG JDODFWRVSKLQJROLSLGV FHUHEURVLGHV >HJ KH[RV\OFHUDPLGHV@
DQG VXOIDWLGHV VWHUROV VXFK DV FKROHVWHURO SKRVSKROLSLGV DQG SODVPDORJHQV 1RUWRQ

&KDSWHU 
DQG 3RGXVOR  *DODFWRVSKLQJROLSLGV FRQWULEXWH DURXQG  RI P\HOLQ OLSLGV DQG
DUH WKRXJKW WR SURYLGH LQVXODWLQJ SURSHUWLHV DQG VWDELOLW\ &RHW]HH HW DO  6WHUROV
VXFK DV FKROHVWHURO DUH YLWDO IRU WKH V\QWKHVLV RI DOO FHOO PHPEUDQHV DQG DUH UHVSRQVLEOH
IRU WKHLU IOXLG QDWXUH ,NRQHQ  &KROHVWHURO PDNHV XS DERXW  RI P\HOLQ OLSLGV
DQG LV V\QWKHVLVHG GH QRYR LQ ROLJRGHQGURF\WHV 0RUHOO DQG -XUHYLFV  6DKHU HW DO
 .QRFNRXW RI VTXDOHQH V\QWKDVH UHTXLUHG IRU VWHURO ELRV\QWKHVLV UHVXOWV LQ VHYHUH
K\SRP\HOLQDWLRQ LQ HDUO\ SRVWQDWDO OLIH KRZHYHU DQLPDOV WKDW VXUYLYH WKLV VHYHUH SKHQRW\SH
UHFRYHU QRUPDO P\HOLQDWLRQ WKURXJK WKH VXSSO\ RI FKROHVWHURO IURP DVWURF\WHV 6DKHU HW DO

,Q WKH SURWHLQ SRUWLRQ PDVV VSHFWURVFRS\ DQDO\VLV E\ -DKQ HW DO  FRQILUPHG WKDW
3/3 DQG LWV LVRIRUP '0 DQG 0%3 DUH WKH PRVW KLJKO\ H[SUHVVHG 2WKHU PDMRU
SURWHLQV RI P\HOLQ DUH P\HOLQDVVRFLDWHG ROLJRGHQGURF\WLF EDVLF SURWHLQ 02%3 P\HOLQ
ROLJRGHQGURF\WH JO\FRSURWHLQ 02* P\HOLQDVVRFLDWHG JO\FRSURWHLQ 0$* DQG 00
F\FOLFQXFOHRWLGH 0SKRVSKRGLHVWHUDVH &13
 0\HOLQDWLRQ
,Q KXPDQV P\HOLQDWLRQ RI WKH &16 EHJLQV LQ WKH ILQDO WULPHVWHU RI JHVWDWLRQ +DVHJDZD HW
DO  DOWKRXJK UHODWLYHO\ OLWWOH P\HOLQ LV SUHVHQW DW ELUWK 0\HOLQDWLRQ SURFHHGV WKURXJK
SRVWQDWDO OLIH LQWR DGROHVFHQFH EXW SHDNV ZLWKLQ WKH ILUVW \HDU FRUUHVSRQGLQJ ZLWK WKH
GHYHORSPHQW RI PRWRU VNLOOV VXFK DV FUDZOLQJ DQG ZDONLQJ DQG FRJQLWLYH GHYHORSPHQW
LQFOXGLQJ ODQJXDJH FRPSUHKHQVLRQ )LHOGV  ,Q WKH PRXVH &16 P\HOLQDWLRQ EHJLQV 
GD\ EHIRUH ELUWK LQ WKH YHQWUDO FROXPQV RI WKH FHUYLFDO VSLQDO FRUG VSHFLILFDOO\ LQ WKH FXQHDWH
IDVFLFXOXV 0\HOLQDWLRQ RI WKH VSLQDO FRUG SURFHHGV LQ D URVWUDOWRFDXGDO SDWWHUQ UHDFKLQJ
D SHDN DW SRVWQDWDO GD\ 3  )RUDQ DQG 3HWHUVRQ  DQG LV ODUJHO\ FRPSOHWH DURXQG
3 (GJDU DQG *ULIILWKV  ,Q JHQHUDO WKH ODUJHVW D[RQV DUH P\HOLQDWHG ILUVW ZLWK
PRVW VPDOOGLDPHWHU D[RQV DFTXLULQJ P\HOLQ DIWHU 3 +LOGHEUDQG HW DO 
0\HOLQDWLRQ LV D WHPSRUDOO\ DQG VSDWLDOO\ FRQWUROOHG SURFHVV UHJXODWHG E\ ROLJRGHQGURF\WH
FHOOLQWULQVLF DQG H[WULQVLF IDFWRUV DV ZHOO DV QHXURQDO DFWLYLW\ *LEVRQ HW DO  +LQHV
HW DO  0HQVFK HW DO  0LWHZ HW DO  5HJLRQDO 23& FHOO GHQVLW\ 5RVHQ
EHUJ HW DO  DQG DVWURF\WH VHFUHWHG IDFWRUV 6W|FNOL HW DO  'REUHD HW DO 

&KDSWHU 
&HOOHULQR HW DO  ,VKLEDVKL HW DO  DOVR LQIOXHQFH P\HOLQDWLRQ LQGHSHQGHQWO\ RI
QHXURQDO DFWLYLW\ $W WKH PROHFXODU OHYHO WKH WUDQVFULSWLRQ IDFWRU 2OLJ LV UHTXLUHG IRU 23&
GHYHORSPHQW DQG NQRFNRXW RI 2OLJ UHVXOWV LQ ORVV RI WKHVH FHOOV =KRX HW DO  /X
HW DO  7DNHED\DVKL HW DO  &DQRQLFDO :QW FDWHQLQ VLJQDOOLQJ WKDW GULYHV 23&
SUROLIHUDWLRQ PXVW EH GRZQUHJXODWHG WR LQGXFH 23& GLIIHUHQWLDWLRQ RWKHUZLVH K\SRP\HOL
QDWLRQ RFFXUV 7DZN HW DO  (SLJHQHWLF UHJXODWLRQ E\ KLVWRQH GHDFHW\ODVH +'$&
 DQG  LQIOXHQFHV :QW FDWHQLQ DFWLYLW\ <H HW DO  DQG 2OLJ H[SUHVVLRQ &XQOLIIH
DQG &DVDFFLD%RQQHILO  WKHUHE\ FRQWULEXWLQJ WR WKH UHJXODWLRQ RI P\HOLQDWLRQ 23&
GLIIHUHQWLDWLRQ LQWR LPPDWXUH ROLJRGHQGURF\WHV DOVR UHTXLUHV WKH WUDQVFULSWLRQ IDFWRUV 2OLJ
6R[ 1N[  DQG << ZKRVH DEODWLRQ E\ JHQH NQRFNRXW LPSDLUV ROLJRGHQGURF\WH JHQ
HUDWLRQ DQG P\HOLQDWLRQ UHYLHZHG LQ :HJQHU  .QRFNRXW RU RYHUH[SUHVVLRQ RI WKH
PLFUR51$ SURFHVVLQJ HQ]\PH 'LFHU OHDGV WR G\VP\HOLQDWLRQ GHVSLWH 23& SUROLIHUDWLRQ
RU K\SHUP\HOLQDWLRQ UHVSHFWLYHO\ =KDR HW DO  /LQ HW DO 
0\HOLQDWLRQ LV LQLWLDWHG E\ 23&V DQG QHZO\ GLIIHUHQWLDWHG ROLJRGHQGURF\WHV DIWHU FRQWDFW LV
HVWDEOLVKHG ZLWK DQ D[RQ WKDW FDQ EH P\HOLQDWHG .LUE\ HW DO  $[RQDOO\H[SUHVVHG
OLJDQGV VXFK DV -DJJHG :DQJ HW DO  36$1&$0 &KDUOHV HW DO  DQG /,1*2
 0L HW DO  LQKLELW 23& GLIIHUHQWLDWLRQ DQG GRZQUHJXODWLRQLQDFWLYDWLRQ RI WKHVH
DOORZ P\HOLQDWLRQ WR SURFHHG )DQF\ HW DO  )X HW DO  2WKHU QHJDWLYH UHJXODWRUV
VXFK DV ROLJRGHQGURF\WHH[SUHVVHG *35 &KHQ HW DO  DQG DVWURF\WHSURGXFHG
K\DOXURQDQ %DFN HW DO  DOVR UHJXODWH WKH RQVHW DQG SURJUHVVLRQ RI P\HOLQDWLRQ
6HYHUDO DVWURF\WHVHFUHWHG IDFWRUV LQIOXHQFH P\HOLQDWLRQ VXFK DV SODWHOHWGHULYHG JURZWK
IDFWRU 3'*) WKDW LQKLELWV 23& PDWXUDWLRQ 5DII HW DO  5LFKDUGVRQ HW DO 
ZKHUHDV EUDLQGHULYHG QHXURWURSKLF IDFWRU %'1) FLOLDU\ QHXURWURSKLF IDFWRU &17) DQG
OHXNDHPLD LQKLELWRU\ IDFWRU /,) SURPRWH P\HOLQDWLRQ 6W|FNOL HW DO  'REUHD HW DO
 &HOOHULQR HW DO  ,VKLEDVKL HW DO 
:KHQ FRQWDFW LV HVWDEOLVKHG P\HOLQ PHPEUDQH IRUPV GXH WR JURZWK DW WKH LQQHU WRQJXH
OHDGLQJ WR QHZ OD\HUV IRUPLQJ EHQHDWK HVWDEOLVKHG RQHV 6QDLGHUR HW DO  /DWHUDO
H[WHQVLRQ RI WKH IXWXUH P\HOLQ LQWHUQRGH RFFXUV DORQJ WKH D[RQ WRZDUGV ZKDW ZLOO EHFRPH
SDUDQRGDO UHJLRQV )LJXUH  DQG LV IDFLOLWDWHG E\ DQ D[RJOLDO DGKHVLRQ FRPSOH[ 7KH
JOLDO SURWHLQV FRQWDFWLQ &171 DQG QHXURIDVFLQ 1)$6&  N'D LVRIRUP FRPELQHG
ZLWK D[RQDOO\H[SUHVVHG FRQWDFWLQDVVRFLDWHG SURWHLQ &171$3 DUH FULWLFDO FRPSRQHQWV

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RI WKLV FRPSOH[ DQG DUH UHTXLUHG IRU QRGH IRUPDWLRQ DQG ODWHUDO P\HOLQDWLQJ LQWHUQRGH
H[WHQVLRQ =RQWD HW DO  3HGUD]D HW DO  6XVXNL HW DO  dRODNR÷OX HW DO
 +RZHYHU HORQJDWLRQ RI WKH LQQHU WRQJXH UHTXLUHV WKDW PHPEUDQH FRPSRQHQWV DUH
V\QWKHVLVHG DQG WUDQVSRUWHG WR WKH PRVW GLVWDO SDUW RI WKH ROLJRGHQGURF\WH P\HOLQDWLQJ
SURFHVV 7UDQVSRUW LV WKRXJKW WR RFFXU WKURXJK WKH P\HOLQLF FKDQQHO V\VWHP D F\WRSODVP
ILOOHG VSDFH ZLWKLQ P\HOLQ WKDW FRQWDLQV PLFURWXEXOHV WKDW SURYLGHV D URXWH WR WKH LQQHUPRVW
WRQJXH FORVHVW WR WKH D[RQ 5DQVRP HW DO  :RUN E\ 6QDLGHUR HW DO  VKRZHG
WKDW &13 SURPRWHV WKH IRUPDWLRQ DQG PDLQWHQDQFH RI P\HOLQLF FKDQQHOV ZKHUHDV 0%3
SURPRWHV PHPEUDQH FRPSDFWLRQ DQG WKHLU VKULQNDJH 5HFHQWO\ (GJDU HW DO  UHSRUWHG
WKDW WKH P\HOLQLF FKDQQHO V\VWHP LV D G\QDPLF VWUXFWXUH DV VKRZQ E\ LQ YLWUR OLYH LPDJLQJ
0\HOLQ PHPEUDQH LV IRUPHG LQ H[FHVV /LX HW DO D DQG LV WKHQ SUXQHG E\ PLFURJOLD
+XJKHV DQG $SSHO  2QFH ZUDSSLQJ LV FRPSOHWH UHPRGHOOLQJ RI PDWXUH P\HOLQ
PHPEUDQHV FRQWLQXHV WKURXJK OLIH &KRUJKD\ HW DO  DOWKRXJK WKLV VORZV ZLWK DJHLQJ
<RXQJ HW DO  +LOO HW DO  +XJKHV HW DO  ,Q WKH DGXOW &16 H[SHULPHQ
WDO GHP\HOLQDWLRQ ZLWK O\VROHFLWKLQ RU HWKLGLXP EURPLGH SURPSWV 23& SUROLIHUDWLRQ DQG
GLIIHUHQWLDWLRQ LQWR QHZ P\HOLQIRUPLQJ ROLJRGHQGURF\WHV =DZDG]ND HW DO 
 0\HOLQ PDLQWDLQV P\HOLQDWHG D[RQ IXQFWLRQ
7KH P\HOLQLF FKDQQHO V\VWHP IRUPHG GXULQJ P\HOLQDWLRQ GLVFXVVHG DERYH SHUVLVWV LQ WKH
PDWXUH P\HOLQ VKHDWK DQG OLNHO\ SURYLGHV D URXWH IRU WKH ROLJRGHQGURF\WH WR PHWDEROLFDOO\
VXSSRUW ³HQHUJ\KXQJU\´ D[RQV 1DYH D ,W LV JHQHUDOO\ DFFHSWHG EDVHG RQ VHPLQDO
ZRUN E\ )QIVFKLOOLQJ HW DO  WKDW WKH SRVWP\HOLQDWLRQ ROLJRGHQGURF\WH VXUYLYHV DV D
JO\FRO\WLF FHOO DQG VXSSOLHV JO\FRO\WLF HQG SURGXFWV WR WKH D[RQ WKURXJK PRQRFDUER[\ODWH
WUDQVSRUWHU 0&7  DW WKH JOLDOD[RQDO MXQFWLRQ /HH HW DO  ,QGHHG GHOHWLRQ RI 0FW
LQ ROLJRGHQGURJOLD OHDGV WR D[RQDO GHJHQHUDWLRQ LQ DJHG PLFH 3KLOLSV HW DO 
7UDQVJHQLF PRGHOV RI P\HOLQ GHIHFWV KDYH VKRZQ WKDW JOLDO FHOO IXQFWLRQ DQG P\HOLQ LQWHJULW\
LQIOXHQFH WKH P\HOLQDWHG D[RQ )RU H[DPSOH LQ 3OS NQRFNRXW PLFH P\HOLQ IRUPHG E\
ROLJRGHQGURF\WHV ODFNLQJ 3/3'0 LV PLQLPDOO\ DEQRUPDO \HW P\HOLQDWHG D[RQV GHYHORS
VZHOOLQJV VSKHURLGV UHIOHFWLQJ D[RQDO WUDQVSRUW GHILFLWV *ULIILWKV HW DO  (GJDU HW DO













)LJXUH  _ 0RGHO RI &16 P\HOLQDWLRQ ,OOXVWUDWLRQ RI WKH FXUUHQWO\ DFFHSWHG PRGHO RI
P\HOLQDWLRQ 7KH LOOXVWUDWLRQV RQ WKH ULJKW RI WKH FHOO ERGLHV VKRZ DQ XQZUDSSHG UHSUHVHQ
WDWLRQ RI WKH FHOO SURFHVV D 2OLJRGHQGURF\WH SURFHVV PDNHV FRQWDFW ZLWK WKH D[RQ DQG
H[WHQGV PHPEUDQH JURZWK ]RQH SLQN E 0HPEUDQH JURZV XQGHU FRQVHFXWLYH ZUDSV
ZLWK WKH JURZWK ]RQH UHPDLQLQJ LQ FORVH FRQWDFW ZLWK WKH D[RQ $UHDV RI FRPSDFWHG PHP
EUDQH GDUN YLROHW EHJLQ WR IRUP F &\WRSODVPLF FKDQQHOV DUH SUHVHQW WKURXJK FRPSDFWHG
P\HOLQ DUHDV GXULQJ DFWLYH P\HOLQDWLRQ G 7KH SRVWP\HOLQDWLRQ ROLJRGHQGURF\WH UHWDLQV
F\WRSODVPLF FKDQQHOV DURXQG WKH HGJH RI WKH P\HOLQ ZUDS )LJXUH IURP 6QDLGHUR HW DO
 $GDSWHG DQG UHSULQWHG ZLWK SHUPLVVLRQ IURP (OVHYLHU

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&QSQXOO DQLPDOV VKDUH D VLPLODU SKHQRW\SH EXW D[RQDO SDWKRORJ\ LV HQKDQFHG LQ 3OS
DQG &QS GRXEOH NQRFNRXW PLFH (GJDU HW DO  VXJJHVWLQJ GLIIHUHQW PHFKDQLVPV DUH
LQYROYHG 7KXV WKH JOLDO FHOO DQG P\HOLQ VKHDWK DUH FULWLFDO LQ PDLQWDLQLQJ D[RQ IXQFWLRQ DQG
LQWHJULW\ 7KH UROH RI WKH ROLJRGHQGURF\WH LQ PDLQWDLQLQJ D[RQDO LQWHJULW\ WKURXJK PHWDEROLF
VXSSRUW LV GLVFXVVHG LQ VHFWLRQ 
 ,Q YLWUR VWXG\ RI QHXUDO FHOOV
&HOO FXOWXUH PRGHOV DUH DQ HDVLO\ PDQLSXODWHG V\VWHP WR H[DPLQH WKH UHVSRQVH RI FHOOV
XQGHU FRQWUROOHG FRQGLWLRQV )RU WKH VWXG\ RI &16 FHOOV LQ YLWUR PRGHOV DUH LQYDOXDEOH
VLQFH WKH\ DOORZ H[SHULPHQWDWLRQ WKDW ZRXOG EH RWKHUZLVH FKDOOHQJLQJ RU LPSRVVLEOH LQ YLYR
)XUWKHUPRUH WKH\ LQIRUP RXU XQGHUVWDQGLQJ RI WKH LQ YLYR VLWXDWLRQ DQG KHOS LQ WKH GHVLJQ
RI LQ YLYR H[SHULPHQWV
7KH HDUOLHVW UHSRUWHG FXOWXUHV RI &16 FHOOV ZDV FRQGXFWHG RYHU  \HDUV DJR E\ +DUULVRQ
HW DO  DQG +DUULVRQ  ZKR JUHZ QHXUDO FUHVW WLVVXH IURP IURJV LQ YLWUR WR VWXG\
D[RQDO JURZWK 6LQFH WKHQ FXOWXUH WHFKQLTXHV KDYH YDVWO\ LPSURYHG LQ HDVH RI XVH
UHSURGXFLELOLW\ DQG YLDELOLW\ ,W LV QRZ SRVVLEOH WR UHOLDEO\ JHQHUDWH SULPDU\ FHOO FXOWXUHV
RI HYHU\ PDMRU &16 FHOO W\SH 1LNRODNRSRXORX HW DO  ,PPRUWDOLVHG FHOO OLQHV KDYH
VRPH XVH LQ WKH VWXG\ RI &16 GLVHDVH KRZHYHU DV LOOXVWUDWHG IRU PLFURJOLD WKH\ FDQQRW
DOZD\V UHFDSLWXODWH NH\ SKHQRW\SLF IHDWXUHV RI SULPDU\ FHOOV 7LPPHUPDQ HW DO 
&XOWXUH V\VWHPV DUH GHVLUDEOH DV WKH\ UHGXFH RU UHSODFH DQLPDO XVH DQG FDQ RIWHQ EH
DGDSWHG IRU KLJKWKURXJKSXW VFUHHQLQJ %LMODQG HW DO  $OGHZDFKL HW DO  &HOO
W\SH HQULFKHG FXOWXUHV DUH XVHIXO IRU VWXG\LQJ WKH LQWULQVLF SURSHUWLHV RI D SDUWLFXODU FHOO W\SH
IRU H[DPSOH LWV HQHUJ\ PHWDEROLVP $PDUDO HW DO  RU LQ WKH FDVH RI ROLJRGHQGURF\WHV
FDSDFLW\ WR ZUDS LQHUW QDQRILEHUV LQ WKH DEVHQFH RI QHXURQDO VLJQDOV %HFKOHU HW DO 
7KH PDLQ OLPLWDWLRQ RI FHOOW\SH HQULFKHG FXOWXUHV LV WKDW WKH DEVHQFH RI LQWHUFHOOXODU
LQWHUDFWLRQV ZLWK RWKHU JOLD DQG QHXURQV OLNHO\ DOWHUV FHOOXODU EHKDYLRXU 'RPLQJXHV HW DO
 0L[HG FRFXOWXUHV RYHUFRPH WKLV OLPLWDWLRQ DQG DOORZ FRPSOH[ FHOOXODU LQWHUDFWLRQV
EHWZHHQ QHXURJOLD 7KH VSLQDO FRUG P\HOLQDWLQJ FHOO FRFXOWXUH V\VWHP 7KRPVRQ HW DO
 FRQWDLQV DOO &16 FHOO W\SHV SURGXFH FRPSDFW P\HOLQ VKHDWKV DUH HOHFWULFDOO\ DFWLYH
DQG KDYH IXQFWLRQDO LPPXQH UHVSRQVHV WR LQVXOW DQG LQMXU\ DV ZH VKRZ LQ %LMODQG HW DO

&KDSWHU 
 ,Q VRPH FDVHV ZKHQ VWXG\LQJ JOLDO FHOO IXQFWLRQ PHWDEROLVP RU UHVSRQVH WR
LQMXU\ LW FDQ EH XVHIXO WR H[FOXGH QHXURQV JLYHQ WKH\ DUH SDUWLFXODUO\ YXOQHUDEOH WR HQHUJ\
LQVXIILFLHQF\ DQGRU R[\JHQ GHSULYDWLRQ *ROGEHUJ DQG &KRL 
0XFK RI WKH OLWHUDWXUH RQ WKH FKDUDFWHULVWLFV RI ROLJRGHQGURJOLD VWHPV IURP SULPDU\ FHOO
FXOWXUHV REWDLQHG IURP WKH EUDLQ RI QHRQDWDO URGHQWV DFFRUGLQJ WR WKH RULJLQDO SURWRFROV
RI 0F&DUWK\ DQG GH 9HOOLV  :KLOVW WKLV PHWKRG KDV EHHQ LQYDOXDEOH LQ H[SDQGLQJ
RXU XQGHUVWDQGLQJ RI WKH ROLJRGHQGURJOLDO OLQHDJH LW KDV WZR PDMRU OLPLWDWLRQV )LUVW ROLJR
GHQGURF\WHV DUH GLIIHUHQWLDWHG LQ YLWUR IURP 23&V UHPRYLQJ WKH LQ YLYR FRQWH[W GXULQJ WKLV
FULWLFDO ZLQGRZ 6HFRQG EUDLQ FRUWLFDO DQG VSLQDO FRUG ROLJRGHQGURF\WHV GLIIHU IURP HDFK
RWKHU LQ D QXPEHU RI ZD\V LQFOXGLQJ LQ WHUPV RI WKHLU LQWULQVLF FDSDFLW\ WR SURGXFH ORQJ RU
VKRUW P\HOLQ LQWHUQRGHV %HFKOHU HW DO 
 $Q RYHUYLHZ RI FHOOXODU HQHUJ\ SURGXFWLRQ
&HOOXODU HQHUJ\ KRPHRVWDVLV LV YLWDO IRU FHOO IXQFWLRQ DQG YLDELOLW\ %HIRUH UHYLHZLQJ WKH
HQHUJ\ PHWDEROLVP RI WKH &16 ODWHU LQ WKLV FKDSWHU ZH ILUVW SURYLGH DQ RYHUYLHZ RI EDVLF
FHOOXODU HQHUJ\ SURGXFWLRQ VXPPDULVHG LQ )LJXUH 
 *O\FRO\VLV WULFDUER[\OLF DFLG F\FOH DQG HOHFWURQ WUDQVSRUW
FKDLQ
7KH SULPDU\ HQHUJ\ VRXUFH RI PRVW FHOOV LV JOXFRVH ZKLFK LV R[LGLVHG LQ JO\FRO\VLV RYHU D
VWHS ELRFKHPLFDO SDWKZD\ WR SURGXFH 1$'+ $73 DQG S\UXYDWH *OXFRVH LV W\SLFDOO\
VXSSOLHG LQ WKH EORRGVWUHDP EXW VRPH FHOOV VWRUH LW LQWUDFHOOXODUO\ LQ WKH IRUP RI JO\FRJHQ
,Q WKH FHOO F\WRSODVP KH[RNLQDVH SKRVSKRU\ODWHV JOXFRVH WR JOXFRVHSKRVSKDWH E\
FRQVXPLQJ RQH PROHFXOH RI $73 $Q DGGLWLRQDO $73 PROHFXOH LV FRQVXPHG ODWHU LQ WKH
SDWKZD\ GXULQJ WKH FRQYHUVLRQ RI IUXFWRVH SKRVSKDWH WR IUXFWRVH  ELVSKRVSKDWH E\

























































































































































)LJXUH  _ &RQW 6FKHPDWLF RI WKH PDMRU PHWDEROLF SDWKZD\V LQYROYHG LQ FHOOXODU $73
SURGXFWLRQ 0HWDEROLF SDWKZD\V DUH ODEHOOHG LQ EOXH HQ]\PHV LQ JUH\ DQG HQHUJ\ VXEVWUDWHV
LQ RUDQJH ER[HV *OXFRVH LV RIWHQ WKH SULPDU\ HQHUJ\ VRXUFH DQG HQWHUV YLD JOXFRVH
WUDQVSRUWHUV */87 RU LV VXSSOLHG IURP OLPLWHG LQWUDFHOOXODU JO\FRJHQ VWRUHV *O\FRO\VLV
FRQYHUWV JOXFRVH WR WZR PROHFXOHV RI S\UXYDWH SURGXFLQJ $73 DQG 1$'+ 3\UXYDWH HQWHUV
PLWRFKRQGULD YLD SRULQV DQG PLWRFKRQGULDO S\UXYDWH FDUULHUV 03&  DQG  ZKHUH LW LV WKHQ
FRQYHUWHG WR DFHW\O&R$ E\ WKH S\UXYDWH GHK\GURJHQDVH 3'+$ FRPSOH[ ,Q WKH DEVHQFH
RI JOXFRVH NHWRQH ERGLHV DQG H[RJHQRXVHQGRJHQRXV IDWW\ DFLGV FDQ EH PHWDEROLVHG WR
SURGXFH DFHW\O&R$ )DWW\ DFLGV HQWHU WKH PLWRFKRQGULDO PDWUL[ YLD WKH FDUQLWLQH VKXWWOH
FRPSRVHG RI FDUQLWLQH SDOPLWR\OWUDQVIHUDVH  &37 FDUQLWLQH DF\OFDUQLWLQH WUDQVORFDVH
&$&7 DQG FDUQLWLQH SDOPLWR\OWUDQVIHUDVH  &37 7KH WULFDUER[\OLF DFLG 7&$ F\FOH
SURGXFHV 1$'+ DQG )$'+ IURP DFHW\O&R$ WKDW FDQ EH XVHG DV HOHFWURQ GRQRUV LQ WKH
HOHFWURQ WUDQVIHU FKDLQ (OHFWURQV DUH WUDQVIHUUHG WKURXJK FRPSOH[HV , WR ,9 SURGXFLQJ
D SURWRQ JUDGLHQW ZLWKLQ WKH PLWRFKRQGULDO LQWHUPHPEUDQH VSDFH )LQDOO\ SURWRQV DUH
PRYHG WKURXJK $73 V\QWKDVH IRUPLQJ $73 IURP $'3 DQG LQRUJDQLF SKRVSKDWH $]LGH $=
EORFNV FRPSOH[ ,9 RI WKH HOHFWURQ WUDQVIHU FKDLQ DQG LQKLELWV R[LGDWLYH SKRVSKRU\ODWLRQ
$EEUHYLDWLRQV $F$ DFHWRDFHWDWH  +%  K\GUR[\EXW\UDWH )$73 IDWW\ DFLG WUDQVSRUW
SURWHLQ 0&7 PRQRFDUER[\ODWH WUDQVSRUWHU 9/&)$ YHU\ORQJFKDLQ IDWW\ DFLG

&KDSWHU 
DUH JHQHUDWHG DQG FDQ EH LQWHUFRQYHUWHG E\ WULRVH SKRVSKDWH LVRPHUDVH $OO SURFHHGLQJ
UHDFWLRQV LQ JO\FRO\VLV RFFXU WZLFH VLQFH RQH PROHFXOH RI JOXFRVH JHQHUDWHV WZR PROHFXOHV
RI JO\FHUDOGHK\GH SKRVSKDWH ZKLFK LV QH[W FRQYHUWHG WR ELVSKRVSKRJO\FHUDWH E\
JO\FHUDOGHK\GH SKRVSKDWH GHK\GURJHQDVH *$3'+ 7KLV VWHS UHGXFHV 1$' WR 1$'+
7KH ILQDO VWHSV JHQHUDWH D PROHFXOH RI $73 DQG S\UXYDWH WLPHVWZR $V WZR$73PROHFXOHV
DUH FRQVXPHG GXULQJ JO\FRO\VLV WKH QHW $73 \LHOG LV WZR UHYLHZHG LQ &KDXGKU\ DQG
9DUDFDOOR 
3\UXYDWH LV HLWKHU UHGXFHG WR ODFWDWH WKHUHE\ UHJHQHUDWLQJ 1$' E\ R[LGDWLRQ RI 1$'+ RU
LW LV R[LGLVHG LQ PLWRFKRQGULD YLD WKH WULFDUER[\OLF DFLG 7&$ F\FOH ,I ODFWDWH LV SURGXFHG LW
FDQ EH H[SRUWHG DQG VHTXHVWHUHG E\ DQRWKHU FHOO DV DQ HQHUJ\ VXEVWUDWH IRU WKH 7&$ F\FOH
DYRLGLQJ WKH QHHG IRU JOXFRVH IRU HQHUJ\ SURGXFWLRQ +RZHYHU JOXFRVH PXVW XQGHUJR
JO\FRO\VLV WR SURYLGH FDUERQ VXEVWUDWHV IRU WKH SHQWRVH SKRVSKDWH SDWKZD\ ZKLFK JHQHUDWHV
ILYHFDUERQ VXJDUV IRU WKH V\QWKHVLV RI QXFOHRWLGHV DQG 1$'3+ WKH ODWWHU EHLQJ HVVHQWLDO IRU
DQDEROLF PHWDEROLVP DQG WKH UHJHQHUDWLRQ RI JOXWDWKLRQH R[LGLVHG LQ DQWLR[LGDQW GHIHQFH
3\UXYDWH FURVVHV WKH RXWHU PLWRFKRQGULDO PHPEUDQH WKURXJK SRULQV %HQ]  DQG WKH
LQQHU PHPEUDQH WKURXJK PLWRFKRQGULDO S\UXYDWH FDUULHU  DQG  %ULFNHU HW DO  +HU]LJ
HW DO  ,Q WKH PDWUL[ S\UXYDWH LV GHFDUER[\ODWHG E\ WKH S\UXYDWH GHK\GURJHQDVH
FRPSOH[ WR DFHW\O&R$ UHGXFLQJ 1$' WR 1$'+ DQG FRQVXPLQJ D PROHFXOH RI FRHQ]\PH$
&R$ 7KH 7&$ F\FOH EHJLQV ZLWK WKH FRQGHQVDWLRQ RI DFHW\O&R$ DQG R[DORDFHWDWH WR
FLWUDWH E\ FLWUDWH V\QWKDVH )ROORZLQJ D IXUWKHU  ELRFKHPLFDO UHDFWLRQV WKH 7&$ F\FOH
SURGXFHV WKUHH PROHFXOHV RI 1$'+ RQH *73 $73 HTXLYDOHQW DQG RQH )$'+ RU RQH
XELTXLQRO DQG UHJHQHUDWHV R[DORDFHWDWH WR EHJLQ WKH QH[W F\FOH ,Q WKLV SURFHVV WZR
PROHFXOHV RI &2 DUH ORVW UHYLHZHG LQ $ODEGXODGKHP DQG %RUGRQL  $FHW\O&R$
SURGXFHG IURP RWKHU HQGRJHQRXV RU H[RJHQRXV VRXUFHV VXFK DV NHWRQH ERGLHV DQG IDWW\
DFLGV )$V E\  R[LGDWLRQ LV DOVR R[LGLVHG YLD WKH 7&$ F\FOH UHYLHZHG LQ 'KLOORQ DQG
*XSWD 
7KH SXUSRVH RI WKH 7&$F\FOH LV WR UHGXFH 1$' DQG )$' WR 1$'+ DQG )$'+ UHVSHFWLYHO\
IRU XVH DV HOHFWURQ GRQRUV LQ WKH HOHFWURQ WUDQVSRUW FKDLQ (7& 0ROHFXOHV RI 1$'+
SURGXFHG LQ JO\FRO\VLV DUH DOVR XWLOLVHG LQ WKH (7& 0LWRFKRQGULDO FRPSOH[HV , WR ,9 WUDQVIHU
SURWRQV IURP 1$'+ DFURVV WKH LQQHU PLWRFKRQGULDO PHPEUDQH WR IRUP DQ HOHFWURFKHPLFDO

&KDSWHU 
SURWRQ JUDGLHQW EHWZHHQ WKH LQWHUPHPEUDQH VSDFH DQG PDWUL[ 3URWRQV DUH WKHQ GULYHQ
WKURXJK $73 V\QWKDVH ZKLFK FDWDO\VHV WKH IRUPDWLRQ RI $73 IURP $'3 DQG LQRUJDQLF
SKRVSKDWH 0LWFKHOO  7KLV SURFHVV LV UHIHUUHG WR DV R[LGDWLYH SKRVSKRU\ODWLRQ
2;3+26
7KH PD[LPXP WKHRUHWLFDO FRPELQHG HQHUJ\ \LHOG LV ⇠ PROHFXOHV RI $73  IURP JO\FRO\VLV
DQG  IURP 2;3+26 +RZHYHU LI JO\FRO\VLV JHQHUDWHV ODFWDWH DV DQ HQG SURGXFW WKH
PD[LPDO \LHOG LV QRW REWDLQHG 7KH EHQHILW RI JHQHUDWLQJ ODFWDWH E\ ODFWDWH GHK\GURJHQDVH
/'+ LV WKDW $73 SURGXFWLRQ FDQ FRQWLQXH LQ WKH DEVHQFH RI R[\JHQ VKRUWWHUP DQDHU
RELF JO\FRO\VLV RU WKDW ODFWDWH FDQ EH H[SRUWHG WR RWKHU FHOOV DHURELF JO\FRO\VLV 8QGHU
DQDHURELF FRQGLWLRQV ODFWDWH LV SURGXFHG IRU WKLV YHU\ UHDVRQ VLQFH 2;3+26 LV LQKLELWHG
,Q DOO DQG DIWHU FRQVLGHULQJ HQHUJ\ ORVV GXH WR SURWRQ DQG HOHFWURQ OHDNDJH 1REHV HW DO
 .DGHQEDFK  -DVWURFK HW DO  LW LV HVWLPDWHG WKDW ⇠ $73 PROHFXOHV DUH
JHQHUDWHG IURP D VLQJOH PROHFXOH RI JOXFRVH 5LFK 
  R[LGDWLRQ RI IDWW\ DFLGV
$FHW\O&R$ FDQ EH SURGXFHG IURP )$V IROORZLQJ PLWRFKRQGULDO  R[LGDWLRQ )$V LQFOXGH
WULDF\OJO\FHUROV WULJO\FHULGHV 7*V SKRVSKROLSLGV VWHURO OLSLGV DQG VSKLQJROLSLGV 7KH\
DUH IRUPHG IURP FDUERQ FKDLQV RI YDULRXV OHQJWK DQG VDWXUDWLRQ 7KH FDUERQ FKDLQ OHQJWK
LV XVHG WR JURXS )$V VKRUWFKDLQ OHVV WKDQ  FDUERQ DWRPV PHGLXPFKDLQ  FDUERQ
DWRPV ORQJFKDLQ /&)$V  FDUERQV YHU\ORQJFKDLQ 9/&)$V >  FDUERQ DWRPV
.LKDUD  6FK|QIHOG DQG :RMWF]DN 
)ROORZLQJ WKH UHOHDVH RI IUHH )$V IURP DGLSRF\WHV WKH EORRG LV D FRPPRQ VRXUFH RI )$V
ZKLFK DUH LPSRUWHG LQWR FHOOV E\ RQH RI WZR NQRZQ PHFKDQLVPV 3DVVLYH GLIIXVLRQ LV HQHUJ\
LQGHSHQGHQW EXW LV UHODWLYHO\ UHVWULFWHG WR VKRUW DQG PHGLXPFKDLQ )$V $OWHUQDWLYHO\
SURWHLQPHGLDWHG WUDQVSRUW E\ )$ WUDQVORFDVH )$7&' DQG )$ELQGLQJ SURWHLQV RQ WKH
FHOO PHPEUDQH IDFLOLWDWH WKH SDVVDJH RI /&)$V LQWR WKH FHOO ,QWUDFHOOXODU )$ELQGLQJ SURWHLQV
 )$ WUDQVSRUW SURWHLQV  DQG FDYHROLQ SOD\ D UROH LQ )$ WUDQVSRUW DQG PHWDEROLVP
UHYLHZHG H[WHQVLYHO\ LQ *ODW] DQG YDQ GHU 9XVVH  DQG *ODW] HW DO  ,Q WKH
&16 )$V DUH PRYHG DFURVV WKH %%% LQ KXPDQV DQG PLFH E\ VORZ GLIIXVLRQ DQG WKURXJK
)$ WUDQVSRUW SURWHLQV  DQG  0LWFKHOO HW DO 

&KDSWHU 
%HIRUH EHLQJ XVHG DV DQ HQHUJ\ VXEVWUDWH )$V PXVW XQGHUJR HVWHULILFDWLRQ ZLWK &R$ WR
IRUP DQ ³DFWLYDWHG´ DF\O&R$ WKDW FDQ EH VHTXHVWHUHG E\ SHUR[LVRPHV RU PLWRFKRQGULD IRU
 R[LGDWLRQ 7KLV UHDFWLRQ LV SHUIRUPHG E\ DF\O&R$ V\QWKHWDVH DQG FRQVXPHV D PROHFXOH
RI $73 RU KLJKHQHUJ\ SKRVSKDWH ERQG HTXLYDOHQWV 3HUR[LVRPHV SOD\ D VSHFLDOLVW UROH
E\ VKRUWHQLQJ 9/&)$V WR /&)$V IRU WUDQVSRUW LQWR PLWRFKRQGULD 0DPPDOLDQ SHUR[LVRPHV
XQLTXHO\ H[SUHVV WKUHH $73ELQGLQJ FDVVHWWH WUDQVSRUWHUV WKDW DOORZ 9/&)$V WR HQWHU WKH
SHUR[LVRPDO OXPHQ ZKHUH  R[LGDWLRQ HQ]\PDWLF PDFKLQHU\ VKRUWHQV WKH FDUERQ FKDLQ
OHQJWK DQG SURGXFHV DFHW\O DQG DFHWRDFHW\O&R$ 5HGG\ DQG +DVKLPRWR  8SRQ
H[SRUW IURP WKH SHUR[LVRPH WKH VKRUWHQHG )$ FKDLQV FDQ EH WUDQVSRUWHG LQWR PLWRFKRQGULD
HLWKHU E\ GLIIXVLRQ IRU VKRUW DQG PHGLXPFKDLQ )$V RU E\ WKH FDUQLWLQH VKXWWOH UHTXLUHG
IRU /&)$V 7KH FDUQLWLQH VKXWWOH FRQVLVWV RI  HQ]\PHV FDUQLWLQH SDOPLWR\OWUDQVIHUDVH 
&37 FDUQLWLQH DF\OFDUQLWLQH WUDQVORFDVH &$&7 DQG FDUQLWLQH SDOPLWR\OWUDQVIHUDVH 
&37 7KH VKXWWOH EHJLQV ZLWK &37 RQ WKH RXWHU PLWRFKRQGULDO PHPEUDQH DQG FRQYHUWV
ORQJFKDLQ DF\O&R$ WR ORQJFKDLQ DF\OFDUQLWLQH ZKLFK FDQ FURVV WKH RXWHU PLWRFKRQGULDO
PHPEUDQH SDVVLYHO\ 1H[W WKH &$&7 DQWLSRUWHU ORFDWHG DW WKH LQQHU PLWRFKRQGULDO PHP
EUDQH WUDQVIHUV DQ DF\OFDUQLWLQH PROHFXOH LQWR WKH PDWUL[ DQG RQH PROHFXOH RI FDUQLWLQH RXW
)LQDOO\ &37 RQ WKH PDWUL[ IDFH RI WKH LQQHU PLWRFKRQGULDO PHPEUDQH FRQYHUWV DF\OFDUQLWLQH
EDFN WR DF\O&R$ IRU  R[LGDWLRQ 6ZLJRQRYi HW DO 
7KH DLP RI  R[LGDWLRQ LV WR SURGXFH DFHW\O&R$ IRU WKH 7&$ F\FOH (VVHQWLDOO\ WKH FDU
ERQ FKDLQV RI IDWW\ DF\O&R$ PROHFXOHV DUH UHSHDWHGO\ FOHDYHG WR SURGXFH PROHFXOHV RI
DFHW\O&R$ )LUVW DF\O&R$ LV GHK\GURJHQDWHG E\ DF\O&R$ GHK\GURJHQDVHV XVLQJ )$'
DV D FRIDFWRU 7KLV SURGXFHV WUDQVHQR\O&R$ FRQWDLQV D GRXEOH ERQG EHWZHHQ WKH ↵
DQG   FDUERQV DQG UHGXFHV )$'+ 6ZLJRQRYi HW DO  6HFRQG HQR\O&R$ K\
GUDWDVHV EUHDN WKH SUHYLRXVO\ IRUPHG GRXEOH ERQG E\ DGGLQJ RQH PROHFXOH RI +2 WR IRUP
K\GUR[\HQR\O&R$ 7KLUG K\GUR[\DF\O&R$ GHK\GURJHQDVHV FRQYHUW WKH K\GUR[\O JURXS
RI K\GUR[\HQR\O&R$ WR D NHWR JURXS UHGXFLQJ 1$' WR 1$'+ DQG IRUPLQJ NHWRDF\O&R$
)LQDOO\ WKLRODVHV FOHDYH NHWRDF\O&R$ WR IRUP D PROHFXOH RI DFHW\O&R$ DQG D VKRUWHQHG
DF\O&R$ FRQVXPLQJ D PROHFXOH RI &R$ 7KH SURFHVV EHJLQV DJDLQ IRU WKH VKRUWHQHG
DF\O&R$ XQWLO LW LV FRPSOHWHO\ R[LGLVHG WR DFHW\O&R$ &DUERQ FKDLQV ZLWK DQ RGG QXPEHU
RI FDUERQV FDQQRW EH IXOO\ R[LGLVHG DQG IRUP SURSLRQ\O&R$ DV DQ HQG SURGXFW  FDUERQ
FKDLQ ZKLFK LV FDUER[\ODWHG WR SURYLGH VXFFLQ\O&R$ IRU WKH 7&$ F\FOH 0D]XPGHU HW DO

&KDSWHU 
 $OO )$'+ DQG 1$'+ SURGXFHG GXULQJ  R[LGDWLRQ FRQWULEXWH WR HQHUJ\ SURGXFWLRQ
WKURXJK WKH (7& 6FK|QIHOG DQG :RMWF]DN 
 /LSLG GURSOHWV
7KH SURFHVVLQJ RI IDWW\ DF\O&R$PROHFXOHV LQ WKH HQGRSODVPLF UHWLFXOXP FDQ JHQHUDWH OLSLG
GURSOHWV DQ LQWUDFHOOXODU VWRUH RI OLSLGV *XR HW DO  /HH HW DO  /LSLG GURSOHWV
SUHGRPLQDQWO\ FRQWDLQ QHXWUDO OLSLGV VXFK DV 7*V FKROHVWHURO HVWHUV DQG GLDF\OJO\FHUROV
FRDWHG E\ D PRQROD\HU RI SKRVSKROLSLGV DQG SURWHLQV 7DXFKL6DWR HW DO  %DUW]
HW DO D E 2QH RI WKH PDMRU VXUIDFH SURWHLQ LGHQWLILHUV RI OLSLG GURSOHWV DUH SHULOLSLQV
%ODQFKHWWH0DFNLH HW DO  7KH SULPDU\ UROH RI OLSLG GURSOHWV LQ DGLSRF\WHV DQG
OLNHO\ LQ RWKHU FHOOV LV WR PRELOLVH )$V IRU PLWRFKRQGULDO  R[LGDWLRQ LQ WLPHV RI LQFUHDVHG
VXEVWUDWH GHPDQG WKHUHE\ SURYLGLQJ HQHUJ\ VXEVWUDWHV IRU $73 SURGXFWLRQ :HOWH DQG
*RXOG  )$V DUH UHOHDVHG IURP OLSLG GURSOHWV E\ WKH DFWLRQ RI OLSDVHV RU WKURXJK
OLSRSKDJ\ .RXQDNLV HW DO  5HFHQW LQWHUHVW LQ &16 OLSLG GURSOHWV VWHPPHG IURP
REVHUYDWLRQV LQ 'URVRSKLOD EUDLQ ZKHUH WKH\ ZHUH REVHUYHG XQGHU SK\VLRORJLFDO FRQGLWLRQV
DQG LQFUHDVHG LQ IUHTXHQF\ GXULQJ K\SR[LF VWUHVV LQ YLYR 6PROLþ HW DO 
 $XWRSKDJ\
0HWDEROLF VWUHVV VXFK DV VWDUYDWLRQ WULJJHUV FHOOV WR HQJDJH DXWRSKDJ\ ZKLFK GHJUDGHV
DQG UHF\FOHV QRQFULWLFDO FHOOXODU PDWHULDOV WR FUHDWH HQHUJ\ VXEVWUDWHV IRU $73 SURGXFWLRQ
'XULQJ VWDUYDWLRQ PDPPDOLDQ WDUJHW RI UDSDP\FLQ FRPSOH[  P725& WUDQVORFDWHV WR
WKH QXFOHXV DQG LQGXFHV H[SUHVVLRQ RI VHYHUDO JHQHV WKDW FRQWURO DXWRSKDJ\ DQG O\VRVRPDO
ELRJHQHVLV UHYLHZHG LQ +H DQG .OLRQVN\  0DFURSKDJ\ LQYROYHV ODUJHU FHOOXODU
FRPSRQHQWV LQFOXGLQJ RUJDQHOOHV EHLQJ LVRODWHG LQ D GRXEOHPHPEUDQHG DXWRSKDJRVRPH
PLFURSKDJ\ GHJUDGHV FRPSRQHQWV LQ O\VRVRPHV FKDSHURQHPHGLDWHG DXWRSKDJ\ LQYROYHV
WDJJLQJ SURWHLQV IRU WUDIILFNLQJ WR O\VRVRPHV *OLFN HW DO 

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 (QHUJ\ PHWDEROLVP LQ WKH FHQWUDO QHUYRXV V\VWHP
7KH EUDLQ FRPSULVHV DURXQG  RI WKH DYHUDJH KXPDQ¶V ERG\ PDVV EXW DFFRXQWV IRU 
RI WRWDO HQHUJ\ DQG R[\JHQ PHWDEROLVP 5ROIH DQG %URZQ  0DJLVWUHWWL DQG $OODPDQ
 1HXURQV DUH HVWLPDWHG WR FRQVXPHG  RI WKH HQHUJ\ SURGXFHG LQ WKH &16
+RZDUWK HW DO  ZLWK WKH PDMRULW\ UHTXLUHG IRU PHPEUDQH UHSRODULVDWLRQ IROORZLQJ
DFWLRQ SRWHQWLDO SURSDJDWLRQ +DUULV HW DO  (QHUJ\ PHWDEROLVP LQ WKH &16 SUHVHQWV D
XQLTXH FKDOOHQJH DV RYHUDOO HQHUJ\ FRQVXPSWLRQ LV KLJKO\ G\QDPLF 1RQHWKHOHVV FRQVWDQW
$73 KRPHRVWDVLV LV UHTXLUHG WR DYRLG QHXURORJLFDO GLVHDVH DV GHPRQVWUDWHG LQ D PRXVH
PRGHO RI 5HWW V\QGURPH ZKHUH LPSDLUHG $73 KRPHRVWDVLV LQFUHDVHV WKH VXVFHSWLELOLW\ RI
HSLOHSWLF VHL]XUHV 7RORH HW DO  :H KDYH ORQJ XQGHUVWRRG WKDW SHULRGV RI LQFUHDVHG
QHXURQDO DFWLYLW\ DUH VXSSRUWHG E\ DQ LQFUHDVH LQ PHWDEROLF DFWLYLW\ DQG FKDQJHV LQ EORRG
SHUIXVLRQ 5R\ DQG 6KHUULQJWRQ  0HWDEROLVP DW WKH FHOOXODU OHYHO KDV EHFRPH FOHDUHU
LQ UHFHQW \HDUV ZLWK UHSRUWV RI VSHFLDOLVHG FHOO PHWDEROLVP DVFULEHG WR FHOO IXQFWLRQ *OLD
VXFK DV ROLJRGHQGURF\WHV DQG DVWURF\WHV DUH FRQVLGHUHG JO\FRO\WLF DQG SURGXFH ODFWDWH
DV DQ HQG SURGXFW 1HXURQV DUH FRQVLGHUHG R[LGDWLYH VLQFH WKLV PRGH RI $73 SURGXFWLRQ
HIILFLHQWO\ VXSSRUWV WKHLU KLJK HQHUJ\ GHPDQGV ,Q WKLV VHFWLRQ ZH VXPPDULVH &16 HQHUJ\
SURGXFWLRQ DQG WKH IXHO VRXUFHV XWLOLVHG
 *OXFRVH ODFWDWH DQG QHXURPHWDEROLF FRXSOLQJ
*OXFRVH KDV ORQJ EHHQ FRQVLGHUHG WKH SULPDU\ HQHUJ\ VRXUFH RI WKH &16 ZLWK ILUVW HYL
GHQFH UHSRUWHG LQ WKH V +LPZLFK DQG 1DKXP  DQG FRQILUPHG LQ SLRQHHULQJ
KXPDQ VWXGLHV E\ .HW\ DQG 6FKPLGW  DQG 6RNRORII  *OXFRVH HQWHUV WKH EUDLQ
IURP SHULSKHUDO FLUFXODWLRQ E\ FURVVLQJ WKURXJK JOXFRVH WUDQVSRUWHUV */87V SDUWLFXODUO\
*/87 ZKLFK LV HQULFKHG DW DVWURF\WH HQGIHHW WKDW FRQWULEXWH WR WKH %%% 0RUJHOOR HW DO
 *OXFRVH UHDFKHV QHXURQV WKURXJK DVWURF\WHV RU GLUHFWO\ WKURXJK QHXURQH[SUHVVHG
*/87 0DKHU HW DO  $VWURF\WHV DUH JO\FRO\WLF FHOOV WKDW LQKLELW WKH GHJUDGDWLRQ RI
JO\FRO\WLF UHJXODWRU\ HQ]\PHV E\ WKH ( XELTXLWLQ OLJDVH ,Q SDUWLFXODU KLJK F\WRVROLF OHYHOV
RI SKRVSKRIUXFWRNLQDVH DUH PDLQWDLQHG FRPSDUHG WR QHXURQV +HUUHUR0HQGH] HW DO 
%pODQJHU HW DO  7R VXVWDLQ JO\FRO\VLV /'+ UHJHQHUDWHV 1$' FRQVXPHG LQ WKH JO\
FRO\WLF SDWKZD\ +LUUOLQJHU DQG 'ULQJHQ  3RVWP\HOLQDWLRQ ROLJRGHQGURF\WHV DUH DOVR

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FRQVLGHUHG JO\FRO\WLF FHOOV )QIVFKLOOLQJ HW DO  +LUUOLQJHU DQG 1DYH  1HXURQV
UHO\ RQ 2;3+26 WR JHQHUDWH $73 EXW XWLOLVH JOXFRVH WR UHSOHQLVK 1$'3+ FRQVXPHG E\
WKH JOXWDWKLRQH DQWLR[LGDQW GHIHQFH V\VWHP %RODxRV HW DO 
,Q UHFHQW \HDUV ODFWDWH KDV EHHQ UHFRJQLVHG DV D PDMRU IXHO VRXUFH RI WKH &16 DQG LV
SURGXFHG LQ VLWX RU HQWHUV IURP WKH SHULSKHU\ WKURXJK 0&7V H[SUHVVHG RQ WKH HQGRWKHOLDO
FHOOV RI WKH %%% DV VKRZQ LQ URGHQWV *HUKDUW HW DO  .RHKOHU6WHF HW DO  /HLQR
HW DO  DQG KXPDQV )UREHUJ HW DO  /DXULW]HQ HW DO  /DFWDWH ZDV ILUVW
FRQVLGHUHG DV D IXHO VRXUFH LQ WKH µV E\ 'ULQJHQ DQG RWKHUV ZKR VKRZHG FXOWXUHG UDW
EUDLQ DVWURF\WHV UHOHDVH ODFWDWH LQWR FHOO FXOWXUH PHGLD DV D SURGXFW RI DHURELF JO\FRO\VLV
'ULQJHQ HW DO D 7KH\ VKRZHG VXEVHTXHQWO\ WKDW UDW EUDLQ QHXURQV FRQVXPH ODFWDWH
LQ YLWUR 'ULQJHQ HW DO E ,Q YLYR HYLGHQFH IURP UDGLRWUDFHU H[SHULPHQWV KDV VLQFH
VKRZQ WKH LQWDFW EUDLQ FRQVXPHV ODFWDWH ZLWK WKH KLJKHVW XSWDNH FRXSOHG WR KLJK QHXURQDO
DFWLYLW\ :\VV HW DO 
3HOOHULQ DQG0DJLVWUHWWL  SURSRVHG WKH DVWURF\WHQHXURQ ODFWDWH VKXWWOH $1/6 3HOOHULQ
HW DO D DQG 0DJLVWUHWWL DQG 3HOOHULQ  LQ ZKLFK JUH\ PDWWHU DVWURF\WHV SURGXFH
ODFWDWH DV DQ HQG SURGXFW RI DHURELF JO\FRO\VLV WKDW LV VXSSOLHG WR QHXURQV IRU PHWDEROLF
VXSSRUW IROORZLQJ D[RQ SRWHQWLDO SURSDJDWLRQ $ VLPLODU PHFKDQLVP ZDV ODWHU LGHQWLILHG LQ
ZKLWH PDWWHU XVLQJ H[ YLYR DGXOW PRXVH RSWLF QHUYH ZKHUH D[RQDO ILULQJ FRXOG EH PDLQWDLQHG
LQ WKH DEVHQFH RI JOXFRVH VR ORQJ DV JO\FRJHQ PHWDEROLVP DQG ODFWDWH VKXWWOLQJ WKURXJK
0&7V ZDV QRW EORFNHG :HQGHU HW DO  %URZQ HW DO   7HNN|N HW DO
 7KHVH REVHUYDWLRQV KLJKOLJKW WKH LPSRUWDQW UROH RI DVWURF\WH JO\FRJHQ PHWDEROLVP LQ
PDLQWDLQLQJ QHXURQDO IXQFWLRQ LQ VLWXDWLRQV RI DFXWH HQHUJ\ GHSULYDWLRQ +RZHYHU JO\FRJHQ
VWRUHV DUH OLPLWHG DQG RQO\ VXSSRUW FRPSRXQG D[RQ SRWHQWLDO SURSDJDWLRQ DW  +] IRU 
PLQXWHV LQ H[ YLYR RSWLF QHUYH H[SHULPHQWV :HQGHU HW DO 
,Q PDWXUH ZKLWH PDWWHU P\HOLQDWHG D[RQV DUH OLPLWHG LQ WKHLU DFFHVV WR H[WUDFHOOXODU HQHUJ\
VXEVWUDWHV E\ WKH P\HOLQ VKHDWK 7KLV SURYLGHV WKH EDVLV IRU WKH SURSRVDO WKDW ROLJRGHQGUR
F\WHV DOVR VXSSO\ ODFWDWH WR D[RQV DV D PHWDEROLF HQG SURGXFW 1DYH E )QIVFKLOOLQJ
HW DO  $SSUHFLDWLRQ IRU WKH UROH RI ROLJRGHQGURF\WHV LQ VXSSO\LQJ PHWDEROLWHV WR WKH
D[RQ KDV OHG WR LWV LQFOXVLRQ LQ WKH DVWURF\WHROLJRGHQGURF\WHQHXURQH ODFWDWH VKXWWOH )LJ
XUH  3KLOLSV DQG 5RWKVWHLQ  +RZHYHU WKH HQHUJ\ PHWDEROLVP RI ROLJRGHQGURJOLD

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GHSHQGV RQ WKHLU GHYHORSPHQWDO VWDJH :KLOVW 23&V H[KLELW DQ R[LGDWLYH SKHQRW\SH DQG
WKHUHIRUH FRQVXPH S\UXYDWHODFWDWH LQ WKH 7&$ F\FOH PDWXUH SRVWP\HOLQDWLRQ FHOOV DUH
FRQVLGHUHG JO\FRO\WLF 5DR HW DO  7KH PHWDEROLF SURILOH RI WKH LQWHUPHGLDWH VWDJH
(02/ KDV QRW EHHQ SUHFLVHO\ FKDUDFWHULVHG DOWKRXJK ODFWDWH FDQ UHSODFH JOXFRVH DV D IXHO
VRXUFH WR VXSSRUW P\HOLQDWLRQ LQ YLWUR 6iQFKH]$EDUFD HW DO  DQG LQ H[ YLYR EUDLQ
VOLFH FXOWXUHV 5LQKROP HW DO 
 .HWRQH ERGLHV
$W WKH WLPH RI P\HOLQDWLRQ LQ PDPPDOV WKH EORRG FRQWDLQV KLJK OHYHOV RI NHWRQH ERGLHV
SURGXFHG LQ WKH OLYHU IURP D PLONULFK GLHW +DZNLQV HW DO  6QHOO DQG :DONHU 
)RVWHU DQG %DLOH\  *LOOHV  .LQQH\ HW DO  &RPSDUHG WR DGXOWV WKH &16
RI QHRQDWHV FDQ VHTXHVWHU FLUFXODWLQJ NHWRQH ERGLHV DW D KLJKHU UDWH WKURXJK WKH KLJK
H[SUHVVLRQ RI 0&7V RQ WKH %%% 3HOOHULQ HW DO E .HWRQH ERGLHV OLNHO\ FRQWULEXWH
WRZDUGV WKH HQHUJ\ UHTXLUHPHQWV RI P\HOLQDWLRQ LQ HDUO\ OLIH 1HKOLJ DQG 3HUHLUD GH 9DV
FRQFHORV  VLQFH WKH\ DUH UHDGLO\ PHWDEROLVHG E\ ROLJRGHQGURF\WHV DW OHDVW LQ YLWUR
(GPRQG HW DO  ,Q DGXOWV NHWRQH ERGLHV DUH XVHG E\ WKH &16 DV DQ HQHUJ\ VRXUFH
GXULQJ VWDUYDWLRQ ZKHQ )$V DUH PRELOLVHG IURP DGLSRVH WLVVXH DQG XQGHUJR  R[LGDWLRQ
WR SURGXFH DFHW\O&R$ LQ ODUJH TXDQWLWLHV LQ WKH OLYHU UHYLHZHG LQ 2ZHQ  7KHUH LV
VRPH HYLGHQFH WKDW NHWRJHQHVLV FRXOG RFFXU LQ WKH EUDLQ )RU H[DPSOH UDW EUDLQ DVWURF\WH
FXOWXUHV SURGXFH NHWRQH ERGLHV ZKHQ VXSSOLHG ZLWK )$V $XHVWDG HW DO  RU WKH DPLQR
DFLG OHXFLQH %L[HO DQG +DPSUHFKW  $VWURF\WH NHWRJHQHVLV KDV EHHQ VXJJHVWHG WR
SOD\ D QHXURSURWHFWLYH UROH E\ SURYLGLQJ HQHUJ\ VXEVWUDWHV IRU QHXUDO FHOOV GXULQJ HQHUJ\
GHSULYDWLRQ LQ K\SR[LDLVFKDHPLD *X]PiQ DQG %Oi]TXH]  7KDW VDLG NHWRQH ERGLHV
ZHUH XQDEOH WR PDLQWDLQ FRPSRXQG DFWLRQ SRWHQWLDO SURSDJDWLRQ LQ H[ YLYR RSWLF QHUYH
SUHSDUDWLRQV %URZQ HW DO  OLNHO\ EHFDXVH WKH\ ZRXOG QRW OHDG WR WKH SURGXFWLRQ RI

















































)LJXUH  _ 1HXURPHWDEROLF FRXSOLQJ EHWZHHQ WKH ROLJRGHQGURF\WH DVWURF\WH DQG D[RQ *OXFRVH HQWHUV WKH &16 IURP WKH
SHULSKHU\ YLD */87 WUDQVSRUWHUV KLJKO\ H[SUHVVHG RQ DVWURF\WH SURFHVVHV WKDW IRUP WKH %%%  7KH (02/ XWLOLVHV JO\FRO\WLF HQG
SURGXFWV WR JHQHUDWH $73 DQG P\HOLQ OLSLGV LQ PLWRFKRQGULD ZKHUHDV  SRVWP\HOLQDWLRQ FHOOV VKXWWOH ODFWDWH RU S\UXYDWH WR WKH
D[RQDO FRPSDUWPHQW WR  VXSSRUW D[RQDO HQHUJ\ UHTXLUHPHQWV 1DYH E )QIVFKLOOLQJ HW DO  +LUUOLQJHU DQG 1DYH  
.HWRQH ERGLHV DUH DQ DOWHUQDWLYH HQHUJ\ VRXUFH WKDW DUH WKRXJKW WR FRQWULEXWH WRZDUGV WKH HQHUJHWLF QHHGV RI P\HOLQDWLRQ 1HKOLJ DQG
3HUHLUD GH 9DVFRQFHORV  $VWURF\WHV DUH FRXSOHG WR ROLJRGHQGURF\WHV YLD JDS MXQFWLRQV *- WKDW DOORZ WKH WUDQVIHU RI HQHUJ\
VXEVWUDWHV  7KH\ FRQWDLQ JO\FRJHQ VWRUHV WKDW FDQ SURYLGH D VKRUWWHUP HQHUJ\ UHVHUYH  DQG UHFHQWO\ KDYH EHHQ VKRZQ WR FRQWDLQ
OLSLG GURSOHWV DOWKRXJK WKHLU HQHUJHWLF UROH LV QRW IXOO\ XQGHUVWRRG )LJXUH DGDSWHG IURP )QIVFKLOOLQJ HW DO  DQG +LUUOLQJHU DQG 1DYH
 $EEUHYLDWLRQV */87 JOXFRVH WUDQVSRUWHU 0&7 PRQRFDUER[\ODWH WUDQVSRUWHU

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 )DWW\ DFLG PHWDEROLVP
/LSLGV FRQWULEXWH XS  RI WKH EUDLQ¶V GU\ ZHLJKW 9LQNHQ HW DO  ZLWK  RI
WKDW DFFRXQWHG IRU E\ P\HOLQ 1RUWRQ DQG 3RGXVOR  'HVSLWH EHLQJ D OLSLGULFK
FRPSDUWPHQW WKH IRFXV UHPDLQV RQ JOXFRVH HQHUJ\ PHWDEROLVP LQ UHFHQW UHYLHZV %pODQJHU
HW DO  3HOOHULQ DQG 0DJLVWUHWWL  )DONRZVND HW DO  0DJLVWUHWWL DQG $OODPDQ
 7KH WRSLF RI  R[LGDWLRQ LQ WKH &16 LV KLJKO\ FRQWURYHUVLDO IRU WKH IROORZLQJ UHDVRQV
DV VXPPDULVHG E\ 6FK|QIHOG DQG 5HLVHU  L  R[LGDWLRQ UHTXLUHV R[\JHQ ZKLFK LV
VRPHZKDW OLPLWHG LQ WKH &16 LL OLSLG R[LGDWLRQ JHQHUDWHV UHDFWLYH R[\JHQ VSHFLHV 526
DQG LQFUHDVHV R[LGDWLYH VWUHVV LLL  R[LGDWLRQ LV D VORZ ZD\ RI JHQHUDWLQJ $73 FRPSDUHG
WR JO\FRO\VLV ,Q UHFHQW \HDUV WKH GRJPD WKDW WKH &16 GRHV QRW SHUIRUP  R[LGDWLRQ KDV
EHHQ FKDOOHQJHG SDUWLFXODUO\ VLQFH WKHUH LV HYLGHQFH WKDW DVWURF\WHV FDQ R[LGLVH OLSLGV LQ
YLYR (EHUW HW DO  DQG OLSLG GURSOHWDVVRFLDWHG 7*V DUH GHWHFWHG LQ WKH PXULQH EUDLQ
(WVFKPDLHU HW DO 
7KH HDUOLHVW HYLGHQFH WKDW WKH &16 PLJKW SHUIRUP  R[LGDWLRQ FDPH IURP H[ YLYR VWXGLHV
WKDW H[DPLQHG WKH DELOLW\ RI YDULRXV UDW WLVVXH VOLFHV LQFOXGLQJ EUDLQ WR R[LGLVH &ODEHOOHG
HPXOVLILHG 7*V *H\HU HW DO  +RZHYHU VWXGLHV E\ 4XDVWHO DQG :KHDWOH\ 
DQG :HLQKRXVH HW DO  GLG QRW UHSOLFDWH WKLV ILQGLQJ FDVWLQJ GRXEW 9RON HW DO 
VRXJKW WR FODULI\ WKHVH FRQWUDGLFWRU\ UHSRUWV EXW PRUH LPSRUWDQWO\ WR GHWHUPLQH LI HQGRJH
QRXV )$V FDQ EH PHWDEROLVHG ,Q WKHLU H[SHULPHQWV \RXQJ UDWV DJH QRW UHSRUWHG ZHUH
IHG &ODEHOOHG SDOPLWDWH VDFULILFHG DQG EUDLQ VOLFHV PDLQWDLQHG LQ FXOWXUH ZKHUH WKH\
SURGXFHG &2 7KHVH VWXGLHV ZHUH FRPSOHPHQWHG ZLWK VHYHUDO LQ YLWUR H[SHULPHQWV WKDW
VKRZHG EUDLQ PLWRFKRQGULD LVRODWHV FRXOG R[LGLVH )$V 9LJQDLV HW DO  %HDWWLH DQG
%DVIRUG  2QH VXFK VWXG\ E\ :DUVKDZ DQG 7HUU\  UHSRUWHG SHDN FDUQLWLQH
SDOPLWR\OWUDQVIHUDVH DFWLYLW\ DQG PLWRFKRQGULDO )$ R[LGDWLRQ LQ 3 EUDLQ FRPSDUHG WR
DGXOW VXJJHVWLQJ WKHUH LV LQFUHDVHG  R[LGDWLRQ LQ WKH GHYHORSLQJ &16
(DUO\ LQ YLYR HYLGHQFH RI &16  R[LGDWLRQ ZDV UHSRUWHG E\ $OOZHLV HW DO  ZKR VKRZHG
&ODEHOOHG SDOPLWLF DFLG ZDV R[LGLVHG LQ FDW EUDLQ SHUIXVHG ZLWK DUWLILFLDO EORRG ERWK LQ
WKH SUHVHQFH DQG DEVHQFH RI DSSUR[LPDWHO\ SK\VLRORJLFDO JOXFRVH ⇠ P0 7KH DXWKRUV
SURYLGHG WKH ILUVW FRQYLQFLQJ HYLGHQFH IRU D QRUPDO SK\VLRORJLFDO UROH IRU  R[LGDWLRQ LQ
WKH &16 +RZHYHU WKH FRQWULEXWLRQ RI )$ R[LGDWLRQ WR &2 SURGXFWLRQ ZDV OHVV WKDQ 

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VXJJHVWLQJ LW LV QRW D PDMRU FRQWULEXWRU WR EUDLQ HQHUJ\ SURGXFWLRQ  DW OHDVW DW WKH DJH
WHVWHG QRW UHSRUWHG ,Q URGHQWV UDGLRODEHOOHG )$V DGPLQLVWHUHG LQ WKH GLHW RU E\ LQMHFWLRQ
LQWR WKH WDLO YHLQ RU SHULWRQHXP FDQ HQWHU EUDLQ OLSLG VWUXFWXUHV LQFOXGLQJ VSKLQJRP\HOLQ
'KRSHVKZDUNDU DQG 0HDG  'KRSHVKZDUNDU HW DO  )XUWKHUPRUH XS WR  RI
IUHH )$V LQ WKH EORRG FDQ FURVV WKH %%% RQ WKH ILUVW SDVV 3DUGULGJH DQG 0LHWXV  DQG
GLHWDU\ OLSLGV LQFRUSRUDWH LQWR P\HOLQ PHPEUDQH &DPDUJR HW DO  &RPELQHG ZLWK
HDUOLHU H[ YLYR DQG LQ YLWUR GDWD WKHVH VWXGLHV GHPRQVWUDWH WKH EUDLQ FDQ R[LGLVH H[RJHQRXV
)$V HYHQ ZKHQ WKH SUHIHUUHG HQHUJ\ VRXUFH RI JOXFRVH LV SURYLGHG
&HOOXODU UHVROXWLRQ RI  R[LGDWLRQ ZDV ILUVW SURYLGHG LQ YLWUR E\ (GPRQG HW DO  UHSRUW
LQJ WKDW QHXURQV DVWURF\WHV DQG ROLJRGHQGURF\WHV SUHIHUHQWLDOO\ R[LGLVHG NHWRQH ERGLHV
 WLPHV PRUH WKDQ JOXFRVH $VWURF\WHV ZHUH WKH RQO\ &16 FHOO IRXQG WR R[LGLVH )$V DQG
GLG VR DW D KLJKHU UDWH WKDQ WKH\ FRQVXPHG NHWRQH ERGLHV 7KHVH GDWD ZHUH ODWHU VXSSRUWHG
ZLWK LQ YLYR GDWD IURP DGXOW UDWV DV UHSRUWHG E\ (EHUW HW DO  LQ ZKLFK )$ R[LGDWLRQ
LQ WKH EUDLQ ZDV GHPRQVWUDWHG E\ QXFOHDU PDJQHWLF UHVRQDQFH VSHFWURVFRS\ IROORZLQJ
LQIXVLRQ RI &ODEHOOHG RFWDQRDWH LQWR WKH EORRGVWUHDP $OWKRXJK FHOOXODU UHVROXWLRQ ZDV
QRW GLUHFWO\ SRVVLEOH DVWURF\WHV ZHUH GHWHUPLQHG WR EH FRPSHWHQW LQ )$ R[LGDWLRQ GXH WR
WKH LQFRUSRUDWLRQ RI & LQWR JOXWDPDWH D SURFHVV UHTXLULQJ WKH DVWURF\WHVSHFLILF HQ]\PH
JOXWDPLQH V\QWKHWDVH
,Q DOO WKH SK\VLRORJLFDO UHOHYDQFH RI )$ R[LGDWLRQ LQ WKH &16 UDWKHU WKDQ WKH FRPSHWHQFH
RI DVWURF\WHV UHPDLQV KLJKO\ GHEDWHG
 7KH UROH RI JDS MXQFWLRQV LQ JOLDO PHWDEROLF FRXSOLQJ
*DS MXQFWLRQV SHUPLW UDSLG ELGLUHFWLRQDO WUDQVIHU RI F\WRVROLF PROHFXOHV XS WR  N'D
EHWZHHQ FORVHO\ DSSRVHG FHOOV /RHZHQVWHLQ  1HLMVVHQ HW DO  FRQQHFWLQJ
WKHP HOHFWULFDOO\ DQG PHWDEROLFDOO\ %HQQHWW DQG =XNLQ  *DS MXQFWLRQ SURWHLQV DUH
H[SUHVVHG E\ DOO PDMRU JOLDO FHOO W\SHV :DOOUDII HW DO  *DUJ HW DO  1XDODUW
0DUWL HW DO  DQG KHUH ZH VXPPDULVH JDS MXQFWLRQ FRXSOLQJ RI ROLJRGHQGURF\WHV DQG
DVWURF\WHV ZKLFK LV WKH EDVLV RI WKH SDQJOLDO QHWZRUN GHVFULEHG E\ 5DVK HW DO  DQG
1DJ\ DQG 5DVK 

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*DS MXQFWLRQV RIWHQ H[LVW LQ FOXVWHUV RQ WKH FHOO PHPEUDQH DQG IRUP D F\WRSODVPF\WRSODVP
FRQQHFWLRQ WKURXJK WKH SDLULQJ RI WZR KHPLFKDQQHOV RQ DGMDFHQW FHOOV 7KH FKDQQHOV DUH
FRPSRVHG RI VL[ LQGLYLGXDO FRQQH[LQV &[ DQG IRUP D FRQQH[RQ +RPRW\SLF JDS MXQFWLRQV
DUH FRPSRVHG RI WKH VDPH VXEW\SH RI FRQQH[LQ ZKHUHDV KHWHURW\SLF JDS MXQFWLRQV DUH
FRPSULVHG RI GLIIHUHQW EXW FRPSDWLEOH VXEW\SHV :LOOHFNH HW DO  2SHQLQJ RI WKH FKDQ
QHO LV G\QDPLFDOO\ UHJXODWHG E\ H[WUDFHOOXODU FDOFLXP FRQFHQWUDWLRQ SKRVSKRU\ODWLRQ DQG
WUDQVPHPEUDQH YROWDJH *yPH]+HUQiQGH] HW DO  *DUJ HW DO  *RRGHQRXJK
DQG 3DXO 
$VWURF\WHV DUH JDS MXQFWLRQFRXSOHG WR RWKHU DVWURF\WHV DQG ROLJRGHQGURF\WHV 5DQVRP DQG
.HWWHQPDQQ  5RELQVRQ HW DO  0RVW ROLJRGHQGURF\WHDVWURF\WH JDS MXQFWLRQV
DUH IRUPHG E\ KHWHURW\SLF SDLULQJ RI &[±&[ RU &[±&[ FKDQQHOV DQG DUH HVVHQWLDO
IRU WKH PDLQWHQDQFH RI &16 ZKLWH PDWWHU UHYLHZHG LQ %DVX DQG 'DV 6DUPD  *DS
MXQFWLRQV EHWZHHQ ROLJRGHQGURF\WHV LQ EUDLQ ZKLWH PDWWHU ZDV UHFHQWO\ GHPRQVWUDWHG LQ
PRXVH H[ YLYR VOLFH FXOWXUHV 0DJOLRQH HW DO  :DVVHII DQG 6FKHUHU  DQG DUH
OLNHO\ IRUPHG IURP &[ RU &[ SDLULQJV UHYLHZHG LQ 3DSDQHRSK\WRX HW DO 
*DS MXQFWLRQV DUH HVVHQWLDO GXULQJ QHXURGHYHORSPHQW SDUWLFXODUO\ LQ ZKLWH PDWWHU DUHDV
VXFK DV WKH FRUSXV FDOORVXP UHYLHZHG LQ 6XWRU DQG +DJHUW\  7KH IXQFWLRQ RI
ROLJRGHQGURF\WHDVWURF\WH JDS MXQFWLRQV LV HVVHQWLDO IRU QHUYRXV V\VWHP PDLQWHQDQFH
DQG JHQHWLF PXWDWLRQ OHDGV WR WKH GHP\HOLQDWLQJ RU G\VP\HOLQDWLQJ SKHQRW\SHV REVHUYHG
LQ ;OLQNHG &KDUFRW0DULH7RRWK GLVHDVH .OHRSD DQG 6FKHUHU  K\SRP\HOLQDWLQJ
OHXNRG\VWURSK\ W\SH  8KOHQEHUJ HW DO  %XJLDQL HW DO  7UHVV HW DO  DQG
3HOL]DHXV0HU]EDFKHUOLNH GLVHDVH 2UWKPDQQ0XUSK\ HW DO 
&RXSOHG FHOOV FDQ EH UHYHDOHG E\ WKH LQMHFWLRQ RI WUDFHU PROHFXOHV VPDOO HQRXJK WR GLIIXVH
WKURXJK JDS MXQFWLRQV VXFK DV /XFLIHU \HOORZ RU ELRF\WLQ 7KLV LV ZHOO HVWDEOLVKHG LQ H[
YLYR SUHSDUDWLRQV %XWW DQG 5DQVRP  9DQH\  3HLQDGR HW DO  +DPSVRQ
DQG 5RELQVRQ  ZLWK VRPH LQ YLYR DSSOLFDWLRQ %OLYLV HW DO  '\HILOOLQJ D VLQJOH




1DQRWXEHV DOVR NQRZQ DV WXQQHOOLQJ QDQRWXEHV DQG JOLRSRGLD DUH ORQJ FHOOXODU SURMHFWLRQV
WKDW FRQWDLQ DQ )DFWLQ F\WRVNHOHWRQ DQG IDFLOLWDWH FHOOWRFHOO FRPPXQLFDWLRQ *HUGHV HW DO
 7KH\ OLNHO\ DOORZ WKH LQWHUFHOOXODU WUDQVIHU RI YHVLFOHV DQG RUJDQHOOHV HOHFWULFDO
VLJQDOV FDOFLXP LRQV DQG SDWKRJHQV LQ PDQ\ GLYHUVH FHOO W\SHV 'DYLV DQG 6RZLQVNL
 6RZLQVNL HW DO  *RXVVHW HW DO  $ERXQLW DQG =XU]ROR  1DQRWXEHV
KDYH EHHQ REVHUYHG LQ QHXURQDO FHOO OLQHV 5XVWRP  *RXVVHW HW DO  DQG LQ
SULPDU\ EUDLQGHULYHG DVWURF\WHV DQG QHXURQV :DQJ HW DO  7KHVH LQWHUFHOOXODU
FRQQHFWLRQV FRXSOH FHOOV E\ JDS MXQFWLRQV :DQJ HW DO  RU WKURXJK RSHQHQGHG
F\WRSODVPF\WRSODVP EULGJHV *HUGHV HW DO  7KXV QDQRWXEHV DQG VLPLODU VWUXFWXUHV
PLJKW IDFLOLWDWH WUDQVFHOOXODU HQHUJ\ VXSSRUW KRZHYHU WKH WUDQVIHU RI HQHUJ\ VXEVWUDWHV SHU
VH KDV QRW EHHQ GHPRQVWUDWHG WR RXU NQRZOHGJH &\WRQHPHV ZKLFK DUH PRUSKRORJLFDOO\
VLPLODU WR QDQRWXEHV KDYH EHHQ UHSRUWHG LQ WKH &16 GXULQJ GHYHORSPHQW 9DVHQNRYD HW DO
 6DQGHUV HW DO  6WDQJDQHOOR HW DO  ZKHUH WKH\ GHOLYHU WKH PRUSKRJHQ
6RQLF +HGJHKRJ QHFHVVDU\ IRU WKH IRUPDWLRQ RI WKH PXULQH QHXUDO WXEH +DOO HW DO 
 9XOQHUDELOLW\ RI ZKLWH PDWWHU WR K\SR[LD
7KH &16 UHTXLUHV D ODUJH SURSRUWLRQ RI WKH ERG\¶V WRWDO R[\JHQ WR VXVWDLQ LWV KLJK HQHUJ\
GHPDQGV 2[\JHQ LV VXSSOLHG WR WKH &16 YLD WKH YDVFXODWXUH DQG LV HVWLPDWHG WR UHFHLYH
 RI FDUGLDF RXWSXW :LOOLDPV DQG /HJJHWW  &HVVDWLRQ RI EORRG IORZ WR WKH
EUDLQ UHVXOWV LQ ORVV RI FRQVFLRXVQHVV ZLWKLQ  VHFRQGV .DEDW DQG $QGHUVRQ  DQG
SHUPDQHQW EUDLQ GDPDJH DIWHU RQO\ D IHZPLQXWHV KLJKOLJKWLQJ WKH LPSRUWDQFH RI FRQWLQXRXV
R[\JHQULFK EORRG IORZ :KLWH PDWWHU LV UHFRJQLVHG DV SDUWLFXODUO\ YXOQHUDEOH WR K\SR[LD
LVFKDHPLD GXULQJ GHYHORSPHQW DQG LQ DGXOWKRRG ,Q WKLV VHFWLRQ ZH GLVFXVV WKH FXUUHQW




,QVXIILFLHQW R[\JHQ VXSSO\ WR WKH &16 KDV VHYHUH FRQVHTXHQFHV RQ FHOO IXQFWLRQ ZLWK
SURORQJHG K\SR[LF LQVXOWV OHDGLQJ WR QHXUDO FHOO GHDWK $V D VKRUWWHUP DGDSWDWLRQ K\SR[LD
LQGXFLEOH IDFWRU  +,) DFWLYDWHV JHQH WDUJHWV LQYROYHG LQ YDVRGLODWLRQ 'DONDUD HW DO 
,DGHFROD HW DO  DQJLRJHQHVLV .UXSLQVNL HW DO  DQG UHZLUHV HQHUJ\ PHWDEROLVP
WRZDUGV LQFUHDVHG JO\FRO\VLV UHYLHZHG LQ 6KDUS DQG %HUQDXGLQ  ,Q SDUWLFXODU +,)
DFWLYLW\ LQFUHDVHV */87 WUDQVSRUWHUV RQ WKH FHOO PHPEUDQH DQG XSUHJXODWHV JO\FRO\WLF
HQ]\PH H[SUHVVLRQ WR LQFUHDVH $73 SURGXFWLRQ 6HPHQ]D HW DO  5DWFOLIIH HW DO 
%HUJHURQ HW DO  1RQHWKHOHVV K\SR[LD LQ WKH EUDLQ UHVXOWV LQ DQ DSSUR[LPDWHO\ 
UHGXFWLRQ RI $73 OHYHOV ZLWKLQ  PLQXWHV 0XNDQGDOD HW DO 
+\SR[LDLVFKDHPLD SURGXFHV D FDVFDGH RI ZHOOFKDUDFWHULVHG VHFRQGDU\ FRQVHTXHQFHV
WKDW IXUWKHU FRPSRXQG WKH LQLWLDO K\SR[LF LQMXU\ 2[\JHQ GHSULYDWLRQ IRUFHV DQDHURELF
UHVSLUDWLRQ ZKLFK SURGXFHV ODFWDWH DV D E\SURGXFW DQG OHDGV WR H[WUDFHOOXODU DFLGLILFDWLRQ
,W KDV EHHQ HVWLPDWHG WKDW XQGHU LVFKDHPLF FRQGLWLRQV WKH EUDLQ WLVVXH HQYLURQPHQW FDQ
GURS WR S+  5HKQFURQD  LQGXFLQJ LUUHYHUVLEOH FHOOXODU FKDQJHV 3DQJ HW DO
 $VLGH IURP SULPDU\ HQHUJ\ IDLOXUH IURP WKH ODFN RI JOXFRVH 6KDODN DQG 3HUOPDQ
 VHFRQGDU\ HQHUJ\ IDLOXUH RIWHQ IROORZV UHVWRUHG SHUIXVLRQ GXH WR VLJQLILFDQW FHOOXODU
VWUHVV /RUHN HW DO  %UDLQ 23&V DQG (02/V DUH SDUWLFXODUO\ YXOQHUDEOH WR WKH
HIIHFWV RI 2*' DQG UHSHUIXVLRQ )ROOHWW HW DO  'HQJ HW DO  )ROOHWW HW DO 
'HQJ HW DO  )LQDOO\ LQIODPPDWLRQ HQVXHV DV D UHVXOW RI FHOOXODU VWUHVV FHOO GHDWK
DQG SURLQIODPPDWRU\ F\WRNLQH VHFUHWLRQ 'DZVRQ HW DO  'DUQDOO HW DO  7KH
UHVXOWLQJ ZHDNHQLQJ RI WKH %%% GXH WR LQIODPPDWLRQ DOORZV LQILOWUDWLRQ RI SHULSKHUDO LPPXQH
FHOOV LQWR WKH &16 IXUWKHU FRPSRXQGLQJ LQMXU\ 3DOPHU HW DO 
 'HYHORSPHQWDO ZKLWH PDWWHU LQMXU\
7KH LQ XWHUR HQYLURQPHQW KDV D UHODWLYHO\ ORZ R[\JHQ WHQVLRQ RI  PP+J 3DOOHU
HW DO  FRPSDUHG WR WKH DGXOW EUDLQ DQG VSLQDO FRUG ZKHUH WKH R[\JHQ WHQVLRQ LV
DSSUR[LPDWHO\  PP+J 0DUWLURV\DQ HW DO  7KHUHIRUH WKH &16 GHYHORSV LQ
D FRPSDUDWLYHO\ ORZR[\JHQ HQYLURQPHQW WKDW LV SUHGLVSRVHG WR K\SR[LF LQMXU\ 3UHWHUP
EDELHV DUH DW PDMRU ULVN RI K\SR[LFLVFKDHPLF EUDLQ LQMXU\ VLQFH WKH\ KDYH XQGHUGHYHORSHG

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OXQJV DQG KHDUW PXVFOH WKDW FDQQRW SURYLGH VXIILFLHQW R[\JHQ DQG EORRG WR WKH EUDLQ 7KLV
RIWHQ UHVXOWV LQ ZKLWH PDWWHU LQMXU\ :0, D OHDGLQJ FDXVH RI FHUHEUDO SDOV\ DQG OLIHORQJ
FRJQLWLYH DQG PRWRU GHILFLWV UHYLHZHG LQ /LX HW DO E ,Q IDFW :0, LV WKH PRVW
FRPPRQ EUDLQ LQMXU\ DVVRFLDWHG ZLWK SUHWHUP ELUWK %DFN DQG 0LOOHU  ZLWK WKH KLJKHVW
ULVN ZLQGRZ EHWZHHQ  ZHHNV RI JHVWDWLRQ $W WKLV WLPH (02/V DUH SRSXODWLQJ WKH
GHYHORSLQJ EUDLQ ZKLWH PDWWHU ZKLFK LV SRRUO\ YDVFXODULVHG DQG VXVFHSWLEOH WR K\SR[LD
LVFKDHPLD .LQQH\ DQG %DFN  %DFN HW DO  9ROSH   3HULYHQWULFXODU
OHXNRPDODFLD 39/ LV WKH PRVW VHYHUH IRUP RI SUHWHUP :0, DQG LV FKDUDFWHULVHG E\ WKH
ORVV RI ZKLWH PDWWHU VXUURXQGLQJ WKH YHQWULFOHV RI WKH EUDLQ
0XOWLSOH IDFWRUV DUH SURSRVHG WR PDNH EUDLQ (02/V SDUWLFXODUO\ YXOQHUDEOH WR K\SR[LD
LVFKDHPLD GXULQJ GHYHORSPHQW UHYLHZHG LQ YDQ 7LOERUJ HW DO  ,W KDV EHHQ VXJJHVWHG
WKDW G\VUHJXODWLRQ RI WKH :QW FDWHQLQ SDWKZD\ OLNHO\ FRQWULEXWHV WR :0, LQMXU\ )DQF\
HW DO   /HH HW DO  6LPLODUO\ DOWHUHG +'$& DFWLYLW\ KDV EHHQ VKRZQ WR
LQKLELW 23& GLIIHUHQWLDWLRQ DIWHU K\SR[LD LQ YLWUR -DEORQVND HW DO  0RUHRYHU +,)
DFWLYDWLRQ LQ 23&V IURP K\SR[LD LQKLELWV GLIIHUHQWLDWLRQ ERWK LQ YLWUR DQG LQ H[ YLYR EUDLQ
VOLFH FXOWXUHV <XHQ HW DO  $OODQ HW DO  GHFUHDVLQJ WKH (02/ SRSXODWLRQ
7KH SDWKRORJ\ RI :0, DQG 39/ KDV EHHQ PRGHOOHG LQ YLYR E\ OLJDWLQJ EORRG YHVVHOV LQ
WKH EUDLQ RI 3 UDWV ZKLFK SURGXFHV D VHOHFWLYH YXOQHUDELOLW\ RI ZKLWH PDWWHU ,Q WKHVH
PRGHOV JOXWDPDWH H[FLWRWR[LFLW\ LV FRQVLGHUHG DQ LPSRUWDQW SDWKRORJLFDO IDFWRU VLQFH :0,
LV UHGXFHG E\ DGPLQLVWHULQJ JOXWDPDWH UHFHSWRU EORFNHUV )ROOHWW HW DO  )ROOHWW HW DO
 7KDW VDLG EUDLQGHULYHG ROLJRGHQGURJOLD DUH YXOQHUDEOH WR 2*' ZLWKRXW JOXWDPDWH
H[FLWRWR[LFLW\ LQ YLWUR /\RQV DQG .HWWHQPDQQ  'HQJ HW DO 
0RVW RI RXU XQGHUVWDQGLQJ RI (02/ YXOQHUDELOLW\ WR K\SR[LDLVFKDHPLD FRPHV IURP H[SHUL
PHQWDO HYLGHQFH H[DPLQLQJ EUDLQ RU EUDLQGHULYHG FHOOV ,Q FRPSDULVRQ WKH YXOQHUDELOLW\ RI
VSLQDO FRUG (02/V KDV QRW EHHQ H[SORUHG WR RXU NQRZOHGJH ZLWKLQ WKH OLWHUDWXUH
 6SLQDO FRUG ZKLWH PDWWHU VXVFHSWLELOLW\ WR K\SR[LD
7KH VSLQDO FRUG YDVFXODWXUH LV HVWDEOLVKHG LQ WKH ILUVW  PRQWKV RI HPEU\RQLF GHYHORS
PHQW *LOOLODQ  DQG LQ FRPSDULVRQ WR WKH EUDLQ KDV  ORZHU EORRG SHUIXVLRQ
0DUWLURV\DQ HW DO  6SLQDO FRUG ZKLWH PDWWHU KDV D FRPSDUDWLYHO\ VSDUVHU FDSLOODU\

&KDSWHU 
QHWZRUN FRPSDUHG WR JUH\ PDWWHU =KDQJ HW DO  DQG PLJKW EH PRUH YXOQHUDEOH WR
K\SR[LDLVFKDHPLD UHYLHZHG LQ +HUQDQGH]*HUH] HW DO  +RZHYHU LQ PRVW FDVHV
ZKHUH SUHWHUP LQIDQWV RU QHRQDWHV LQFXU EUDLQ :0, IURP K\SR[LDLVFKDHPLD WKHUH LV RIWHQ
QR UHSRUWHG LQYROYHPHQW RI VSLQDO FRUG ZKLWH PDWWHU )RU H[DPSOH LQ D TXHVWLRQQDLUH WR
SDHGLDWULFLDQV 5XJJLHUL DQG 3LNH  IRXQG WKDW FDVHV RI SUH SHUL DQG QHRQDWDO VSLQDO
FRUG LQMXU\ ZDV DVVRFLDWHG ZLWK EUDLQ KDHPRUUKDJH UDWKHU WKDQ D V\VWHPLF K\SR[LF HYHQW
%DVHG RQ RXU UHYLHZ RI WKH OLWHUDWXUH LW DSSHDUV WKH VSLQDO FRUG LV RIWHQ QRW LQYROYHG LQ
GHYHORSLQJ EUDLQ :0, GHVSLWH LW EHLQJ D SRRUO\ YDVFXODULVHG WLVVXH
5HFHQW ZRUN LQ D PRXVH PRGHO RI VSLQDO PXVFXODU DWURSK\ 60$ DQ RIWHQIDWDO GLVHDVH RI
FKLOGUHQ VXJJHVWV VSLQDO FRUG (02/V PLJKW EH VRPHZKDW UHVLVWDQW WR K\SR[LD 60$ LV
FDXVHG E\ KRPR]\JRXV GHOHWLRQ RI WKH VXUYLYDO RI PRWRU QHXURQ 601 JHQH DQG ORZHU
PRWRU QHXURQ FHOO GHDWK %XUJKHV DQG %HDWWLH  EXW LV UHFRJQLVHG DV D PXOWLV\VWHP
GLVRUGHU ZLWK H[WHQVLYH WLVVXH GDPDJH 6OHLJK HW DO  +DPLOWRQ DQG *LOOLQJZDWHU 
DQG YDVFXODU GHILFLWV 6RPHUV HW DO  :RUN E\ 6RPHUV HW DO  H[DPLQHG WKH
YDVFXODWXUH RI WKH VSLQDO FRUG LQ HDUO\ SRVWQDWDO 601  WUDQVJHQLF PLFH D PRGHO RI 60$
7KH DXWKRUV UHSRUWHG WKDW WKH VSLQDO FRUG RI 60$PLFH ZDV VLJQLILFDQWO\ OHVV YDVFXODULVHG
DW 3 FRPSDUHG WR FRQWURO OLWWHUPDWHV ,Q VXEVHTXHQW ZRUN +HUQDQGH]*HUH] HW DO 
FRQILUPHG ZLGHVSUHDG K\SR[LD LQ 60$PRXVH WLVVXHV LQFOXGLQJ WKH VSLQDO FRUG
2¶0HDUD HW DO  DVVHVVHG VSLQDO FRUG P\HOLQDWLRQ LQ WKH VDPH 601  WUDQVJHQLF
PRXVH DQG IRXQG LW ZDV XQDIIHFWHG DW 3 FRPSDUHG WR :7 OLWWHUPDWHV DV DVVHVVHG E\
JUDWLR 7KLV LV VXUSULVLQJ JLYHQ WKH YXOQHUDELOLW\ RI EUDLQ (02/V WR K\SR[LDLVFKDHPLD
DV SUHYLRXVO\ GLVFXVVHG $ VLPLODU UHSRUW ZDV PDGH LQ PRXVH SXSV WKDW ZHUH H[SRVHG
WR K\SR[LDQRUPR[LD  R[\JHQ YV  IRU PLQXWH F\FOHV RYHU  KRXUV GDLO\ XQWLO
WKH DQLPDOV UHDFKHG 3 ([DPLQDWLRQ RI &16 P\HOLQDWLRQ VKRZHG PLFH H[SRVHG WR WKLV
K\SR[LF SURWRFRO KDG VLJQLILFDQW K\SRP\HOLQDWLRQ LQ PDMRU ZKLWH PDWWHU DUHDV RI WKH EUDLQ
EXW QRW WKH VSLQDO FRUG GHWHUPLQHG E\ 0%3 VWDLQLQJ &DL HW DO 
&RQVLGHULQJ WKHVH UHSRUWV DQG JLYHQ WKH SRRUHU EORRG SHUIXVLRQ RI WKH VSLQDO FRUG FRPSDUHG
WR WKH EUDLQ WKHVH REVHUYDWLRQV UDLVH WKH SRVVLELOLW\ WKHUH DUH GLYHUJHQW VXVFHSWLELOLWLHV RI




7KH VSLQDO FRUG (02/ SRSXODWLRQ LV SRRUO\ FKDUDFWHULVHG LQ WHUPV RI LWV YXOQHUDELOLW\ WR
K\SR[LDLVFKDHPLD 2XU XQGHUVWDQGLQJ RI WKH ROLJRGHQGURF\WH¶V PHWDEROLF SKHQRW\SH
VWHPV LQ ODUJH SDUW IURP VWXGLHV H[DPLQLQJ EUDLQ RU EUDLQGHULYHG ROLJRGHQGURJOLD +RZ
HYHU WKH ROLJRGHQGURF\WHV WKDW SRSXODWH WKH VSLQDO FRUG DQG EUDLQ DULVH IURP GLIIHUHQW
FRPSDUWPHQWV LQ WKH GHYHORSLQJ &16 DQG DV VKRZQ UHFHQWO\ FOXVWHU GLIIHUHQWO\ LQ 51$
VHTXHQFLQJ DQDO\VHV )ORULGGLD HW DO  )XUWKHUPRUH EUDLQ DQG VSLQDO FRUG ROLJR
GHQGURJOLD UHVSRQG GLIIHUHQWO\ LQ D YDULHW\ RI H[SHULPHQWDO VHWWLQJV &KHQ HW DO 
%HFKOHU HW DO  %DVHG RQ UHFHQW LQFLGHQWDO HYLGHQFH IURP DQ 60$PRXVH PRGHO ZH
K\SRWKHVLVHG WKLV FRXOG H[WHQG WR WKHLU UHVSRQVH WR K\SR[LDLVFKDHPLD
+RZ VSLQDO FRUG (02/V UHVSRQG WR K\SR[LDLVFKDHPLD LV DQ LPSRUWDQW TXHVWLRQ IRU WZR
SULQFLSDO UHDVRQV L WKH VSLQDO FRUG LV H[SRVHG WR K\SR[LDLVFKDHPLD LQ D YDULHW\ RI GLVHDVH
VFHQDULRV UHYLHZHG LQ +HUQDQGH]*HUH] HW DO  PHDQLQJ WKH DQVZHU KDV LPSOLFDWLRQV
IRU WKHUDS\ LL LW LV LPSRUWDQW WR GHWHUPLQH LI WKH UHVXOWV RI DVVD\V GRQH LQ EUDLQ RU XVLQJ
EUDLQ ROLJRGHQGURJOLD FDQ EH H[WUDSRODWHG WR VSLQDO FRUG DQG YLFH YHUVD
7KHUHIRUH WKH RYHUDOO DLP RI WKLV WKHVLV ZDV WR FKDUDFWHULVH WKH UHVSRQVH RI GHYHORSLQJ
VSLQDO FRUG (02/V WR WKH HIIHFWV RI K\SR[LDLVFKDHPLD XVLQJ DQ LQ YLWUR FXOWXUH V\VWHP
JHQHUDWHG IURP DFXWHO\ KDUYHVWHG VSLQDO FRUG JOLD 6SHFLILF DLPV ZHUH WR
L (VWDEOLVK DQG V\VWHPDWLFDOO\ FKDUDFWHULVH DQ LQ YLWUR PRGHO RI HDUO\ P\HOLQDWLQJ VSLQDO
FRUG PL[HG JOLD JHQHUDWHG IURP QHRQDWDO PLFH
LL 8VH WKLV PRGHO WR H[SORUH KRZ VSLQDO FRUG (02/V UHVSRQG WR K\SR[LDLVFKDHPLD DQG
VHFRQGDU\ FRQVHTXHQFHV VXFK DV DFLGRVLV HQHUJ\ GHSULYDWLRQ DQG LQIODPPDWLRQ
8QH[SHFWHGO\ ZH IRXQG VSLQDO FRUG JOLD LQFOXGLQJ (02/V VXUYLYHG ZLWKRXW H[RJHQRXV
HQHUJ\ VXEVWUDWHV IRU  GD\V 7KHUHIRUH WKH DLPV H[SDQGHG WR
L ([SORUH WKH SXWDWLYH UROH RI DVWURF\WHV LQ SURYLGLQJ PHWDEROLF VXSSRUW WR WKH (02/ LQ
WKH DEVHQFH RI H[RJHQRXV HQHUJ\ VXEVWUDWHV






3URGXFW FRGH DQG PDQXIDFWXUHU DUH LQ EUDFNHWV RQ ILUVW PHQWLRQ &RPPRQ ODERUDWRU\ FKHP
LFDOV DUH GLVSOD\HG DV IRUPXODH HJ VRGLXP K\GUR[LGH DV 1D2+ 6WDQGDUG LQWHUQDWLRQDO
XQLWV DUH XVHG WKURXJKRXW
 &RPPRQO\ XVHG EXIIHUV DQG VROXWLRQV
&RPPRQO\ XVHG PDWHULDOV VXFK DV EXIIHUV DQG VROXWLRQV DUH UHIHUHQFHG WKURXJKRXW WKLV
FKDSWHU 7KH FRPSRVLWLRQ RI WKHVH DUH GHWDLOHG LQ WKH IROORZLQJ VXEVHFWLRQV
 3KRVSKDWH EXIIHUHG VDOLQH
3KRVSKDWH EXIIHUHG VDOLQH 3%6 ZDV PDGH WR D ILQDO FRQFHQWUDWLRQ RI P0 1D&O
P0 .+32 P0 .&O DQG P0 1D+32 DW S+  LQ GHLRQLVHG ZDWHU GL+2
6ROXWLRQV ZHUH VWRUHG DW URRP WHPSHUDWXUH 5HFLSH LQ $SSHQGL[ 
 7ULVDFHWDWH('7$ EXIIHU
7ULVDFHWDWH('7$EXIIHU ZDVPDGH WR D ILQDO FRQFHQWUDWLRQ RI P07ULV P0DFHWLF DFLG
P0 ('7$ LQ GL+2 6ROXWLRQV ZHUH VWRUHG DW URRP WHPSHUDWXUH 5HFLSH LQ $SSHQGL[ 
 3DUDIRUPDOGHK\GH VROXWLRQ
3DUDIRUPDOGHK\GH 3)$ SRZGHU 3 6LJPD$OGULFK ZDV GLVVROYHG LQ 3%6 IRU LPPXQR
F\WRFKHPLVWU\ XVH RU GL+2 IRU VWURQJ IL[ WR PDNH DQ  VROXWLRQ DQG S+ ZDV DGMXVWHG
WR  6ROXWLRQV ZHUH VWRUHG DW  & 5HFLSH LQ $SSHQGL[ 
 $QLPDOV
:LOGW\SH &%/ :7 &KDUOHV 5LYHU 8. DQG ³3(277J´ WUDQVJHQLF PLFH VHFWLRQ 
RQ D &%/ EDFNJURXQG ZHUH XVHG IRU WKH JHQHUDWLRQ RI SULPDU\ FHOO FXOWXUHV $OO DQLPDOV
ZHUH PDLQWDLQHG LQ WKH 8QLYHUVLW\ RI *ODVJRZ %LRORJLFDO 6HUYLFHV IDFLOLW\ DQG XVHG LQ
DFFRUGDQFH ZLWK WKH $QLPDOV 6FLHQWLILF 3URFHGXUHV $FW  $QLPDOV ZHUH KRXVHG XQGHU

&KDSWHU 
KRXU OLJKWGDUN F\FOH ZLWK IRRG DQG ZDWHU DYDLODEOH DG OLELWXP $OO H[SHULPHQWV ZHUH
DSSURYHG E\ WKH (WKLFDO 5HYLHZ &RPPLWWHH RI WKH 8QLYHUVLW\ RI *ODVJRZ
 3(277J PLFH
&RPSRXQG UHSRUWHU PLFH KHPL]\JRXV IRU HDFK RI WKUHH WUDQVJHQHV )LJXUH  ZHUH XVHG
WR JHQHUDWH VRPH SULPDU\ FHOO FXOWXUHV 3/3&UH(57&QSP(RV376$L5RVD
WG7 RU ³3(277J´ PLFH DUH WKH UHVXOW RI FURVVLQJ WKUHH GLVWLQFW WUDQVJHQLF OLQHV 7DEOH 
WR IOXRUHVFHQWO\ ODEHO ROLJRGHQGURF\WHV ZLWK WG7RPDWR DQG WKHLU SHUR[LVRPHV ZLWK P(RV
*HQRW\SLQJ LV GHVFULEHG LQ $SSHQGL[ 

&KDSWHU 
7DEOH  _ 7UDQVJHQLF OLQHV FURVVHG WR JHQHUDWH WKH 3(277J PRXVH OLQH
Transgenic line Transgene Function 
PLP-CreERT2 
CreERT2 expression 
controlled by Plp1 
regulatory region 
Cre recombinase expression 
only in Plp1 expressing cells 
(oligodendrocytes) upon 
exposure to tamoxifen (in vivo) 
or 4-hydroxytamoxifen (in vitro) 
Ai14(Rosa26-tdT) 
tdTomato fluorophore 
gene in ubiquitously 
expressed Rosa26 
locus with floxed “stop 
cassette” 
loxP-sites flank “stop cassette” 
that recombines in cells 
expressing Cre recombinase 
allowing transcription of 
tdTomato to fluorescently label 
the cell of interest 
Cnp-mEos2-PTS1 
mEos2-encoding gene 
with a PTS1 tag driven 
under the Cnp1 
promotor 
Expression of mEos2-PTS1 in 
cells expressing Cnp1 to 









CAG Pr Stop tdTomato WPRE
loxP loxP
Cnp1 Pr mEos2 PTS1
pA
)LJXUH  _ 7UDQVJHQHV LQ WKH 3(277JPRXVH D 3/3&UH(57 WUDQVJHQH IURP /HRQH
HW DO  E OR[3IODQNHG ³VWRS FDVVHWWH´ SUHFHGLQJ WKH WG7RPDWR WUDQVJHQH LQ WKH
5RVD ORFXV 0DGLVHQ HW DO  *UH\ WULDQJOH LQGLFDWHV )57 VLWH <HOORZ WULDQJOHV
LQGLFDWH OR[3 VLWHV 7KH WUDQVJHQH FRQWDLQV D ZRRGFKXFN KHSDWLWLV SRVWWUDQVODWLRQDO
UHJXODWRU\ HOHPHQW :35( WR VWDELOLVH WKH 51$ F &QSP(RV376 WUDQVJHQH IURP
5LFKHUW HW DO  7KH WUDQVJHQHV HQG ZLWK D SRO\$ S$ VLJQDO ,QIRUPDWLRQ H[WUDFWHG




$OO FXOWXUHG FHOOV ZHUH PDLQWDLQHG LQ DQ LQFXEDWRU DW  & XQGHU D KXPLGLILHG  &2
DWPRVSKHUH $VHSWLF WHFKQLTXH ZDV HPSOR\HG WKURXJKRXW DQG RQO\ FHOO FXOWXUH JUDGH
PDWHULDOV DQG UHDJHQWV ZHUH XVHG
 &RPPRQO\ XVHG PDWHULDOV
&RPPRQO\ XVHG FHOO FXOWXUH LWHPV DUH OLVWHG EHORZ ZLWK WKHLU FDWDORJXH QXPEHU DQG PDQX
IDFWXUHU LQ EUDFNHWV
 PP 3HWUL GLVK  &RUQLQJ
 PP 3HWUL GLVK  7KHUPR )LVKHU
  P P/ YDFXXP ILOWHU XQLW  )LVKHU 6FLHQWLILF
  P 6DUWRULXV 0LQLVDUW V\ULQJH ILOWHU  )LVKHU 6FLHQWLILF
 %/$8%5$1' 1HXEDXHU LPSURYHG KDHPRF\WRPHWHU %5($ 0HUFN
 *ODVV 3DVWHXU SLSHWWHV  )LVKHUEUDQG
 7U\SDQ EOXH  VROXWLRQ 7 6LJPD$OGULFK
 &HOO FXOWXUH JUDGH 3%6  *LEFR
 &HOO FXOWXUH JUDGH ZDWHU : 6LJPD$OGULFK
 3HQLFLOOLQVWUHSWRP\FLQ [ VWRFN 3 6LJPD$OGULFK
 6WRFN VROXWLRQV DQG FRPPRQO\ XVHG UHDJHQWV
 %RULF DFLG EXIIHU
%RULF DFLG EXIIHU ZDV PDGH WR D ILQDO FRQFHQWUDWLRQ RI  P0 +%2 ERULF DFLG %
6LJPD$OGULFK DQG  P0 1D%2 VRGLXP WHWUDERUDWH  6LJPD$OGULFK LQ FHOO
FXOWXUH JUDGH ZDWHU : 6LJPD$OGULFK 6ROXWLRQV ZHUH ILOWHU VWHULOLVHG DQG VWRUHG DW




'ELRWLQ % 6LJPD$OGULFK GLOXWHG WR  JP/ LQ ILOWHU VWHULOLVHG  0 1D2+$OLTXRWV
ZHUH VWRUHG DW &
 'HR[\ULERQXFOHDVH
'HR[\ULERQXFOHDVH '1DVH , IURP ERYLQH SDQFUHDV '1 6LJPD$OGULFK GLOXWHG LQ
/HLERYLW]¶V / PHGLXP WR D ILQDO FRQFHQWUDWLRQ RI  PJP/ $OLTXRWV ZHUH VWRUHG DW
&
 +\GURFRUWLVRQH
+\GURFRUWLVRQH + 6LJPD$OGULFK GLVVROYHG LQ FHOO FXOWXUH JUDGH ZDWHU WR  P0
[ VWRFN DQG VWRUHG LQ DOLTXRWV DW í & %HIRUH XVH D ZRUNLQJ VWRFN ZDV PDGH E\
GLOXWLQJ  LQ FHOO FXOWXUH JUDGH ZDWHU WR  0 $OLTXRWV RI WKH ZRUNLQJ VWRFN ZHUH DOVR
VWRUHG DW &
 ,QVXOLQ
+XPDQ UHFRPELQDQW LQVXOLQ , 6LJPD$OGULFK GLVVROYHG LQ ILOWHU VWHULOLVHG 0 +&O
WR D ILQDO FRQFHQWUDWLRQ RI  PJP/ $OLTXRWV ZHUH VWRUHG DW &
 0DJQHWLFDFWLYDWHG FHOO VRUWLQJ EXIIHU
0DJQHWLFDFWLYDWHG FHOO VRUWLQJ 0$&6 EXIIHU FRQWDLQHG  ERYLQH VHUXP DOEXPLQ
$ 6LJPD$OGULFK GLVVROYHG LQ FHOO FXOWXUH JUDGH 3%6 7KH VROXWLRQ ZDV ILOWHU VWHULOLVHG
DQG DOLTXRWV ZHUH VWRUHG DW &
 1 VXSSOHPHQW
1 VXSSOHPHQW FRQWDLQHG  PJP/ DSRWUDQVIHUULQ 7 6LJPD$OGULFK  P0 SX
WUHVFLQH 3 6LJPD$OGULFK  0 SURJHVWHURQH 3 6LJPD$OGULFK  0 VRGLXP
VHOHQLWH 6 6LJPD$OGULFK PDGH LQ FHOO FXOWXUH JUDGH 3%6 $OLTXRWV ZHUH VWRUHG DW




$ VWRFN RI  8P/ SDSDLQ 3 6LJPD$OGULFK ZDV PDGH E\ GLVVROYLQJ  PJ LQ 
/ RI 'XOEHFFR¶V 0RGLILHG (DJOH 0HGLXP '0(0  *LEFR 7KH VROXWLRQ ZDV
PL[HG ZHOO DQG LQFXEDWHG DW & IRU  PLQXWHV $ ZRUNLQJ VWRFN RI  8P/ ZDV PDGH
E\ GLOXWLQJ  / RI WKH VWRFN LQ  P/ RI '0(0  *LEFR $ IHZ FU\VWDOV
RI /F\VWHLQH & 6LJPD$OGULFK ZHUH DGGHG EHIRUH XVH SURGXFLQJ D VOLJKW FRORXU
FKDQJH WR RUDQJH\HOORZ
 3DSDLQ LQKLELWRU VROXWLRQ
3DSDLQ LQKLELWRU VROXWLRQ FRQWDLQHG  PJP/ ERYLQH VHUXP DOEXPLQ $ 6LJPD$OGULFK
DQG  PJP/ '1DVH , IURP ERYLQH SDQFUHDV '1 6LJPD$OGULFK LQ FHOO FXOWXUH JUDGH
3%6 7KH VROXWLRQ ZDV ILOWHU VWHULOLVHG DQG DOLTXRWV VWRUHG DW & IRU D PD[LPXP RI 
PRQWKV
 3RO\/O\VLQH
3RO\/O\VLQH 3 6LJPD$OGULFK GLVVROYHG LQ FHOO FXOWXUH JUDGH ZDWHU WR D ILQDO FRQ
FHQWUDWLRQ RI  PJP/ $OLTXRWV ZHUH VWRUHG DW &
  FROODJHQDVH
&ROODJHQDVH W\SH , SRZGHU  *LEFR GLVVROYHG LQ /HLERYLW]¶V / PHGLD
 ,QYLWURJHQ PHGLD WR  $OLTXRWV ZHUH VWRUHG DW &
  JOXFRVH VROXWLRQ
'JOXFRVH * 6LJPD$OGULFK GLVVROYHG LQ FHOO FXOWXUH JUDGH ZDWHU WR  ILOWHU




&HOO FXOWXUH PHGLD DUH EDVHG RQ UHFLSHV SXEOLVKHG E\ 7KRPVRQ HW DO  
 'LVVHFWLQJ PHGLD
+DQN¶V EDODQFHG VDOW VROXWLRQ +%66 ZLWKRXW FDOFLXP DQG PDJQHVLXP + 6LJPD
$OGULFK ZLWK  SHQLFLOOLQVWUHSWRP\FLQ
 3ODWLQJ PHGLD
$PL[WXUH RI  '0(0  J/ 'JOXFRVH SOXV S\UXYDWH  *LEFR  +%66
ZLWK FDOFLXP DQG PDJQHVLXP + 6LJPD$OGULFK  KRUVH VHUXP 
*LEFR ZLWK  SHQLFLOOLQVWUHSWRP\FLQ
 +LJKO\ HQULFKHG PHGLD
'0(0  J/ 'JOXFRVH  *LEFR  QJP/ ELRWLQ  Q0 K\GURFRUWLVRQH
 JP/ LQVXOLQ  1 VXSSOHPHQW  JP/ DSRWUDQVIHUULQ  JP/ SXWUHVFLQH 
Q0 SURJHVWHURQH  QJP/ VHOHQLXP DQG  SHQLFLOOLQVWUHSWRP\FLQ 7KLV LV PHGLD
FRQWDLQHG  P0 JOXFRVH  P0 S\UXYDWH DQG  P0 JOXWDPLQH LQ DGGLWLRQ WR DPLQR DFLGV
DQG YLWDPLQV GHVFULEHG LQ 7DEOH 6
 3RO\/O\VLQH FRDWHG JODVV FRYHUVOLSV
3ULPDU\ FHOO FXOWXUHV ZHUH W\SLFDOO\ JURZQ RQ  PP ERURVLOLFDWH JODVV FRYHUVOLSV 
9:5 FRDWHG LQ SRO\/O\VLQH $ ZRUNLQJ VROXWLRQ RI SRO\/O\VLQH ZDV PDGH E\ GLOXWLQJ WKH
VWRFN VHFWLRQ  LQ ERULF DFLG EXIIHU WR  PJP/ 7KH ZRUNLQJ VWRFN ZDV UHXVHG D
PD[LPXP RI WKUHH WLPHV $XWRFODYHG  PP ERURVLOLFDWH JODVV FRYHUVOLSV ZHUH LQFXEDWHG
LQ  P/ RI SRO\/O\VLQH LQ ERULF DFLG EXIIHU IRU DW OHDVW  KRXU DW & LQ D  PP 3HWUL
GLVK DSSUR[LPDWHO\  FRYHUVOLSV SHU GLVK &RYHUVOLSV ZHUH WKHQ ZDVKHG WKUHH WLPHV LQ
DXWRFODYHG GL+2 &RDWHG FRYHUVOLSV ZHUH SODFHG LQWR  PP 3HWUL GLVK  SHU GLVK DQG
DOORZHG WR DLU GU\ IRU D PLQLPXP RI  KRXUV LQ D FHOO FXOWXUH KRRG EHIRUH EHLQJ VWRUHG DW
& SULRU WR XVH

&KDSWHU 
 /LYHFHOO LPDJLQJ GLVKHV
3ULPDU\ FHOO FXOWXUHV XVHG IRU OLYHFHOO LPDJLQJ ZHUH SODWHG RQ LQKRXVHPDGH LPDJLQJ GLVKHV
SUHSDUHG DV GHVFULEHG LQ %LMODQG HW DO  %ULHIO\ WKUHH HTXLGLVWDQW  PP GLDPHWHU
KROHV ZHUH GULOOHG LQWR WKH ERWWRP RI )DOFRQ  PP 3HWULGLVKHV  &RUQLQJ DQG
 PP GLDPHWHU 0HQ]HO *OlVHU JODVV FRYHUVOLSV 0(1=&%5$& 7KHUPR )LVKHU
VXSSOLHG E\ 9:5 ZHUH JOXHG WR WKH EDVH RI WKH GLVKHV XVLQJ 6\OJDUG  QRQWR[LF
VLOLFRQH DGKHVLYH $IWHU FXULQJ IRU  GD\V DW URRP WHPSHUDWXUH RU RYHUQLJKW DW & GLVKHV
ZHUH FOHDQHG LQ  HWKDQRO DQG VWHULOLVHG XQGHU XOWUDYLROHW OLJKW IRU  PLQXWHV 7KH 6'6
ZDVK VWHS LQ WKH SXEOLVKHG SURWRFRO ZDV RPLWWHG 'LVKHV ZHUH WKHQ FRDWHG E\ SLSHWWLQJ
⇠ P/ RI SRO\/O\VLQH SUHSDUHG DV GHVFULEHG LQ VHFWLRQ  LQWR HDFK LPDJLQJ GLVK WR
FRDW WKH HQWLUH VXUIDFH $IWHU  KRXUV DW & SRO\/O\VLQH ZDV UHPRYHG DQG GLVKHV ZHUH
ULQVHG WKUHH WLPHV ZLWK DXWRFODYHG GL+2 $IWHU DLUGU\LQJ IRU D PLQLPXP RI  KRXUV LQ D FHOO
FXOWXUH KRRG GLVKHV ZHUH VWRUHG DW &
 3ULPDU\ FHOO FXOWXUH
3ULPDU\ FHOO FXOWXUHV ZHUH JHQHUDWHG IURP SRVWQDWDO GD\ 3  :7 RU 3(277J PLFH
$QLPDOV XVHG IRU FHOO FXOWXUH ZHUH FXOOHG XVLQJ LQWUDSHULWRQHDO RYHUGRVH RI SHQWREDUELWRQH
(XWKDWDO 9HULFRUH 8. DQG H[VDQJXLQDWLRQ E\ FXWWLQJ WKH IHPRUDO DUWHU\ XQGHU 6FKHGXOH 
RI WKH$QLPDOV 6FLHQWLILF 3URFHGXUHV $FW  'HWDLOV RI FXOWXUH PHGLD DUH LQ VHFWLRQ 
 0RXVH SULPDU\ PL[HG JOLDO FXOWXUHV
(XWKDQLVHG SXSV ZHUH GHFDSLWDWHG VSUD\HG ZLWK  HWKDQRO DYRLGLQJ WKH H[SRVHG
VSLQDO FRUG WR GHFRQWDPLQDWH WKH VNLQ DQG SODFHG LQ D 3HWUL GLVK RQ LFH 6SLQDO FRUGV
ZHUH UHPRYHG XVLQJ VWHULOH LQVWUXPHQWV XQGHU D GLVVHFWLQJ PLFURVFRSH DQG SODFHG LQWR
GLVVHFWLQJ PHGLD 0HQLQJHV DQG GRUVDO URRW JDQJOLD ZHUH UHPRYHG EHIRUH SODFLQJ WKH
FRUGV LQWR  P/ SHU  FRUGV GLVVHFWLQJ PHGLD 7KH FRUGV ZHUH QRW WULWXUDWHG 7KH WLVVXH
ZDV LQFXEDWHG LQ [ WU\SVLQ GLOXWHG IURP D [ VWRFN 7 6LJPD$OGULFK LQ GLVVHFWLQJ
PHGLD DW & IRU  PLQXWHV 'LJHVWLRQ ZDV VWRSSHG E\ DGGLQJ  P/ SODWLQJ PHGLD SHU
 P/ RI VROXWLRQ WKHQ '1DVH ZDV DGGHG WR D ILQDO FRQFHQWUDWLRQ RI  PJP/ 7LVVXH
ZDV GLVVRFLDWHG E\ WULWXUDWLQJ ZLWK D JODVV 3DVWHXU SLSHWWH DSSUR[LPDWHO\  WLPHV 7KH

&KDSWHU 
FHOO VXVSHQVLRQ ZDV VXSSOHPHQWHG ZLWK  P/ SODWLQJ PHGLD WKHQ FHQWULIXJHG DW  [ J
IRU  PLQXWHV 7KH VXSHUQDWDQW ZDV GLVFDUGHG DQG WKH FHOO SHOOHW ZDV UHVXVSHQGHG LQ 
P/ SODWLQJ PHGLD &HOO \LHOG ZDV GHWHUPLQHG E\ FRXQWLQJ YLDEOH FHOOV LQ  ILQDO WU\SDQ
EOXH 7 6LJPD$OGULFK XVLQJ D KDHPRF\WRPHWHU &HOOV ZHUH SODWHG DW  FHOOV
SHU  PP JODVV FRYHUVOLS ZLWK WKUHH FRYHUVOLSV SHU  PP 3HWUL GLVK &HOOV XVHG IRU OLYH
LPDJLQJ H[SHULPHQWV ZHUH KDQGOHG ZLWK VRPH PRGLILFDWLRQ DV GHVFULEHG LQ VHFWLRQ 
DQG SODWHG LQWR  ZHOOV RI OLYH LPDJLQJ GLVKHV VHFWLRQ  &HOOV ZHUH DOORZHG WR DGKHUH
IRU  KRXUV DW & EHIRUH DQ DGGLWLRQDO  / RI SODWLQJ PHGLD DQG  / RI +( PHGLD
ZDV DGGHG WR HDFK 3HWUL GLVK
 0RXVH SULPDU\ (02/HQULFKHG FXOWXUHV
(02/HQULFKHG FXOWXUHV ZHUH JHQHUDWHG E\ DGDSWLQJ WKH SURWRFRO RI 0D\HU3U|VFKHO 
$ PLQLPXP RI WHQ VSLQDO FRUGV ZHUH XVHG DQG GLVVHFWHG DV GHVFULEHG LQ VHFWLRQ 
'LVVHFWHG FRUGV ZHUH SODFHG LQ  P/  FROODJHQDVH DQG LQFXEDWHG DW & IRU 
PLQXWHV 7KH WLVVXH ZDV WKHQ FHQWULIXJHG DW  [ J IRU  PLQXWHV WKHQ  [ J IRU
 PLQXWH 7KH FHOO SHOOHW ZDV UHVXVSHQGHG LQ  P/  8P/ SDSDLQ DQG UHWXUQHG WR
D & LQFXEDWRU IRU  PLQXWHV ZLWK JHQWOH PL[LQJ HYHU\  PLQXWHV 'LJHVWLRQ ZDV
VWRSSHG E\ DGGLQJ  / SDSDLQ LQKLELWRU VROXWLRQ $IWHU D PLQXWH LQFXEDWLRQ DW URRP
WHPSHUDWXUH GLJHVWHG WLVVXH ZDV GLVVRFLDWHG E\ WULWXUDWLRQ ZLWK D JODVV 3DVWHXU SLSHWWH
DSSUR[LPDWHO\  WLPHV 7KH FHOOV ZHUH FHQWULIXJHG DW  [ J IRU  PLQXWHV WKHQ 
[ J IRU  PLQXWH EHIRUH UHVXVSHQGLQJ WKH SHOOHW LQ  P/ LFHFROG 0$&6 EXIIHU &HOO \LHOG
ZDV GHWHUPLQHG E\ FRXQWLQJ YLDEOH FHOOV LQ  ILQDO WU\SDQ EOXH 7 6LJPD$OGULFK
XVLQJ D KDHPRF\WRPHWHU $V D TXDOLW\ FRQWURO PHDVXUH RQO\ SUHSDUDWLRQV ZLWK JUHDWHU
WKDQ  PLOOLRQ FHOOV DW WKLV VWDJH ZHUH XVHG 7KH FHOO VXVSHQVLRQ ZDV FHQWULIXJHG DJDLQ DW
 [ J IRU  PLQXWHV WKHQ  [ J IRU  PLQXWH DQG WKH FHOO SHOOHW ZDV UHVXVSHQGHG
LQ  / LFHFROG 0$&6 EXIIHU )F5 EORFNLQJ UHDJHQW  0LOWHQ\L %LRWHF
ZDV DGGHG WR WKH FHOO VXVSHQVLRQ  / SHU  PLOOLRQ FHOOV  / PLQLPXP PL[HG
ZHOO DQG LQFXEDWHG RQ LFH IRU  PLQXWHV $QWL2 0LFUR%HDGV  0LOWHQ\L
%LRWHF ZHUH DGGHG WR WKH FHOOV  / SHU  PLOOLRQ FHOOV  / PLQLPXP PL[HG ZHOO
DQG LQFXEDWHG RQ LFH IRU  PLQXWHV 7KH FHOOV ZHUH ZDVKHG E\ DGGLQJ  P/ LFHFROG
0$&6 EXIIHU SLSHWWLQJ XS DQG GRZQ WZLFH WKHQ FHQWULIXJHG DW  [ J IRU  PLQXWHV 7KH

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FHOO SHOOHW ZDV UHVXVSHQGHG LQ  / LFHFROG 0$&6 EXIIHU DQG SDVVHG WKURXJK DQ /6
FROXPQ  0LOWHQ\L %LRWHF DWWDFKHG WR D PDJQHW 7KH FROXPQ ZDV IOXVKHG
WKUHH WLPHV ZLWK  P/ LFHFROG 0$&6 EXIIHU FROOHFWLQJ WKH XQODEHOOHG FHOOV LQ D  P/
FHQWULIXJH WXEH 7KH FROXPQ ZDV WKHQ UHPRYHG IURP WKH PDJQHW DQG  P/ LFHFROG 0$&6
EXIIHU ZDV JHQWO\ IRUFHG WKURXJK ZLWK D SOXQJHU WR H[SHO WKH 2 0LFUR%HDGODEHOOHG FHOOV
ZKLFK ZHUH FROOHFWHG LQ D FHQWULIXJH WXEH &HOOV ZHUH FHQWULIXJHG DW  [ J IRU  PLQXWHV
WKHQ  [ J IRU  PLQXWH UHVXVSHQGHG LQ  P/ SODWLQJ PHGLD DQG FHOO \LHOGV GHWHUPLQHG
E\ FRXQWLQJ LQ WKH SUHVHQFH RI WU\SDQ EOXH DV EHIRUH &HOOV ZHUH SODWHG DW  FHOOV SHU
 PP JODVV FRYHUVOLS WKUHH FRYHUVOLSV SHU  PP 3HWUL GLVK DQG DOORZHG WR DGKHUH IRU 
KRXUV DW & $Q DGGLWLRQDO  / SODWLQJ PHGLD DQG  / +( PHGLD ZDV WKHQ DGGHG
WR HDFK 3HWUL GLVK
 0RXVH P\HOLQDWLQJ FHOO FXOWXUHV
0\HOLQDWLQJ FXOWXUHV ZHUH XVHG DV H[SHULPHQWDO FRQWUROV DQG SUHSDUHG DFFRUGLQJ WR WKH
SURWRFRO LQ %LMODQG HW DO  %ULHIO\ ( PRXVH HPEU\RV ZHUH GHFDSLWDWHG VSLQDO
FRUGV GLVVHFWHG DQG PHQLQJHV GLVFDUGHG 7KH WLVVXH ZDV HQ]\PDWLFDOO\ GLJHVWHG LQ [
WU\SVLQ DW & IRU  PLQXWHV 'LJHVWLRQ ZDV VWRSSHG E\ DGGLQJ SODWLQJ PHGLD '1DVH
ZDV DGGHG WR D ILQDO FRQFHQWUDWLRQ RI  PJP/ DQG WKH WLVVXH ZDV WULWXUDWHG ZLWK D JODVV
3DVWHXU SLSHWWH 7KH FHOOV ZHUH WKHQ WUHDWHG DV GHVFULEHG LQ VHFWLRQ  EXW ZHUH SODWHG
DW  FHOOV SHU  PP JODVV FRYHUVOLS &XOWXUHV ZHUH IHG HYHU\  GD\V ZLWK +(
PHGLD XQWLO GD\ LQ YLWUR ',9  WKHQ WKH FHOOV UHFHLYHG +( PHGLD ZLWKRXW LQVXOLQ
 &HOO FXOWXUH DVVD\V
2Q ',9  DSSUR[LPDWHO\  KRXUV DIWHU SODWLQJ VHUXPULFK SODWLQJ PHGLD ZDV FRPSOHWHO\
UHPRYHG DQG UHSODFHG ZLWK VHUXPIUHH +( PHGLD FRQWDLQLQJ  0 K\GUR[\WDPR[LIHQ 
+7 + 6LJPD$OGULFK VHH $SSHQGL[  &HOOV ZHUH LQFXEDWHG ZLWK +7 IRU  KRXU
DW & WR LQGXFH WG7RPDWR H[SUHVVLRQ LQ 3(277J FHOOV :7 FHOOV ZHUH WUHDWHG LGHQWLFDOO\
$IWHU  KRXU VRPH FRYHUVOLSV ZHUH IL[HG LQ  3)$ DV GHVFULEHG LQ VHFWLRQ  WR
UHSUHVHQW H[SHULPHQWDO WLPH ]HUR W

&KDSWHU 
)RU UHPDLQLQJ FRYHUVOLSV DOO PHGLD ZDV UHPRYHG ULQVHG ZLWK  P/ WUHDWPHQW PHGLD
GHILQHG DV WKH PHGLD XVHG LQ WKH DVVD\ DQG UHSODFHG ZLWK  P/ WUHDWPHQW PHGLD $OO
WUHDWPHQW PHGLD FRQWDLQHG  QJP/ ELRWLQ  1  J P/ DSRWUDQVIHUULQ  JP/
SXWUHVFLQH  Q0 SURJHVWHURQH  QJP/ VHOHQLXP  Q0 K\GURFRUWLVRQH DQG 
JP/ LQVXOLQ $QWLELRWLF RU DQWLIXQJDO DJHQWV ZHUH QRW XVHG H[FHSW LQ +( PHGLD 
SHQLFLOOLQVWUHSWRP\FLQ $OO WUHDWPHQW PHGLD ZDV SUHZDUPHG WR & DQG HTXLOLEUDWHG
WR  &2 LQ D FHOO FXOWXUH LQFXEDWRU IRU  KRXUV EHIRUH XVH &HOOV ZHUH IHG DW WG W
SOXV  ',9 E\ UHPRYLQJ  / FXOWXUH PHGLD DQG UHSODFLQJ ZLWK  / IUHVK WUHDWPHQW
PHGLD $W WLPH SRLQWV RU WKH HQG RI H[SHULPHQWV FRYHUVOLSV ZHUH IL[HG DV GHVFULEHG LQ
VHFWLRQ 
 '0(0EDVHG DQG VDOWVRQO\ PHGLD
'XULQJ H[SHULPHQWDWLRQ FHOOV ZHUHPDLQWDLQHG LQ HLWKHU '0(0EDVHGPHGLD '0$
*LEFR IRUPXODWLRQ VKRZQ LQ 7DEOH 6 FRQWDLQLQJ DPLQR DFLGV DQG YLWDPLQV RU LQ D VDOWV
RQO\ 62 YHUVLRQ FRQWDLQLQJ RQO\ WKH LQRUJDQLF VDOWV RI '0(0  P0 1D&O  P0
1D+&2  P0 1D+32 ā+2  P0 .&O  P0 0J62  P0 &D&O  0
)H12 ā+2 %RWK PHGLD FRQWDLQHG WKH KRUPRQHV GHWDLOHG LQ VHFWLRQ  EXW ODFNHG
JOXFRVH S\UXYDWH RU JOXWDPLQH XQOHVV VXSSOHPHQWHG *OXFRVH ZDV DGGHG IURP D 
'JOXFRVH VWRFN $V D FRQWURO LQ VRPH H[SHULPHQWV +( PHGLD ZDV XVHG  P0 JOXFRVH
 P0 S\UXYDWH  P0 JOXWDPLQH DQG PDGH DV GHVFULEHG LQ VHFWLRQ 
 0HWDEROLF LQKLELWRUV
&HOOV ZHUH LQFXEDWHG ZLWK D]LGH DQGRU LRGRDFHWDWH GLOXWHG LQ '0 DW  P0 DQG  P0
UHVSHFWLYHO\ &HOOV ZHUH PDLQWDLQHG XQGHU WKHVH FRQGLWLRQV IRU  RU  KRXUV EHIRUH IL[DWLRQ
3UHSDUDWLRQ RI WKH LQKLELWRU VWRFNV LV GHVFULEHG EHORZ LQ VHFWLRQV  DQG 
 6RGLXP LRGRDFHWDWH
6RGLXP LRGRDFHWDWH SRZGHU *) 6LJPD$OGULFK ZDV WKDZHG DQG D VPDOO DPRXQW
SODFHG LQ D ELMRX DQG ZHLJKHG 7KH UHTXLUHG YROXPH RI '0(0 $ *LEFR ZDV




$ VPDOO DPRXQW RI VRGLXP D]LGH SRZGHU 6 6LJPD$OGULFK ZDV SODFHG LQ D ELMRX DQG
ZHLJKHG 7KH UHTXLUHG YROXPH RI '0(0 $ *LEFR ZDV DGGHG WR PDNH D  0
VWRFN 7KH VROXWLRQ ZDV WKHQ ILOWHU VWHULOLVHG DQG VWRUHG DW &
 $QR[LD DQG K\SR[LD
&HOOV PDLQWDLQHG LQ '0 ZHUH SODFHG LQWR D K\SR[LF FKDPEHU  6WHPFHOO 7HFKQRORJLHV
DQG IOXVKHG ZLWK  &2   1 9& %2& 8. DW  /PLQ FRQWUROOHG E\ D
VLQJOH IORZ PHWHU  6WHPFHOO 7HFKQRORJLHV IRU  PLQXWHV 7KH FKDPEHU ZDV VHDOHG
XQGHU SRVLWLYH SUHVVXUH DQG SODFHG LQ D FHOO FXOWXUH LQFXEDWRU $IWHU  KRXUV WKH FKDPEHU
ZDV RSHQHG DQG FHOOV ZHUH LPPHGLDWHO\ IL[HG RU UHWXUQHG WR DQ LQFXEDWRU IRU D IXUWKHU 
KRXUV EHIRUH IL[DWLRQ
 S+ VHQVLWLYLW\
7ROHUDQFH RI FHOOV WR DQ DFLGLF HQYLURQPHQW ZDV WHVWHG E\ DGMXVWLQJ WKH EXIIHULQJ FDSDFLW\
RI ELFDUERQDWHIUHH '0(0 ' 6LJPD$OGULFK VDPH FRPSRVLWLRQ VKRZQ LQ 7DEOH 6
7KH SRZGHUHG PHGLD ZDV GLVVROYHG WR D ILQDO YROXPH ZLWK  P/ FHOO FXOWXUH JUDGH ZDWHU
DW URRP WHPSHUDWXUH EHIRUH ILOWHU VWHULOLVLQJ 0HGLD ZDV XVHG LQ  P/ DOLTXRWV DQG WKH ILQDO
S+ LQ  &2 ZDV DGMXVWHG E\ DGGLQJ 1D+&2 ± IURP D  0 VWRFN EHORZ VHFWLRQ 
7KH FRQFHQWUDWLRQV RI 1D+&2 ± XVHG WR DFKLHYH WKH GHVLUHG S+ LQ  &2 DUH VKRZQ LQ
7DEOH  GHWHUPLQHG E\ WKH +HQGHUVRQ+DVVHOEDOFK HTXDWLRQ pH = pKa + log( [A
-]
[HA])
6RGLXP ELFDUERQDWH KRUPRQHV VHFWLRQ  DQG ZDWHU ZHUH DGGHG WR PDNH WKH ILQDO 
P/ YROXPH &HOOV ZHUH FXOWXUHG IRU  GD\V XQGHU WKHVH FRQGLWLRQV EHIRUH IL[DWLRQ
 6RGLXP ELFDUERQDWH VROXWLRQ
6RGLXP ELFDUERQDWH SRZGHU 6 6LJPD$OGULFK GLVVROYHG LQ FHOO FXOWXUH JUDGH ZDWHU
WR  0 WKHQ ILOWHU VWHULOLVHG 6ROXWLRQV ZHUH VWRUHG DW & IRU XS WR  PRQWK

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7DEOH  _ $GMXVWPHQW RI ELFDUERQDWHIUHH FHOO FXOWXUH PHGLD ZLWK VRGLXP ELFDUERQDWH
WR DFKLHYH WKH GHVLUHG S+ LQ  &2









 *OXFRVH DQG QXWULHQW GHSULYDWLRQ
7R GHSULYH FHOOV RI JOXFRVH DQG RWKHU H[RJHQRXV HQHUJ\ VXEVWUDWHV S\UXYDWH DQG JOX
WDPLQH WUHDWPHQW PHGLD ZDV PDGH LQ '0 $ *LEFR IRUPXODWLRQ VKRZQ LQ
7DEOH 6 )RU QXWULHQW GHSULYDWLRQ FHOOV ZHUH JURZQ LQ 62 PHGLD ODFNLQJ WKH DPLQR DFLGV
DQG YLWDPLQV SUHVHQW LQ '0 VHFWLRQ  &HOOV ZHUH FXOWXUHG LQ WKHVH FRQGLWLRQV IRU 
GD\V EHIRUH IL[DWLRQ
 5HLQWURGXFWLRQ RI JOXFRVH
)ROORZLQJ  GD\V RI FXOWXUH LQ JOXFRVHIUHH '0 D FRYHUVOLS ZDV IL[HG DW WG DV D EDVHOLQH
EHIRUH DOO PHGLD ZDV UHSODFHG ZLWK '0 FRQWDLQLQJ  P0 JOXFRVH &HOOV ZHUH UHWXUQHG WR
WKH LQFXEDWRU IRU  KRXUV EHIRUH IL[DWLRQ
 ,QIODPPDWRU\ IDFWRUV
/\RSKLOL]HG VWRFNV ZHUH UHFRQVWLWXWHG DV SHU WKH PDQXIDFWXUHU¶V LQVWUXFWLRQV WR  JP/
LQ VWHULOH 3%6 FRQWDLQLQJ  ERYLQH VHUXP DOEXPLQ 7KH ILQDO FRQFHQWUDWLRQV LQ FXOWXUH
ZHUH  QJP/ ,)1  0, 5	' 6\VWHPV DQG  QJP/ 71) 07 5	'
6\VWHPV &HOOV ZHUH FXOWXUHG LQ WKHVH FRQGLWLRQV IRU  GD\V EHIRUH IL[DWLRQ
 /LYHFHOO LPDJLQJ
7R WUDFN FHOO VXUYLYDO 3(277J VSLQDO FRUG PL[HG JOLD ZHUH SODWHG LQ ZHOOV RI OLYHFHOO
LPDJLQJ GLVKHV DV GHVFULEHG LQ VHFWLRQ  EXW KDQGOHG ZLWK VRPH PRGLILFDWLRQ WR WKDW
GHVFULEHG LQ VHFWLRQ  0L[HG JOLDO FHOOV ZHUH SODWHG LQ SODWLQJ PHGLD FRQWDLQLQJ  0
+7 $IWHU  KRXUV DOO PHGLD ZDV UHSODFHG ZLWK  / IUHVK SODWLQJ PHGLD DQG  / +(
PHGLD 2Q ',9  DSSUR[LPDWHO\  KRXUV DIWHU LQLWLDO SODWLQJ PHGLD ZDV UHSODFHG ZLWK IUHVK
VHUXPIUHH +( PHGLD IRU  KRXU DW & $OO PHGLD ZDV WKHQ UHPRYHG ULQVHG RQFH ZLWK 
P/ JOXFRVHIUHH '0 DQG UHSODFHG ZLWK  P/ '0 FRQWDLQLQJ  RU  P0 JOXFRVH &XOWXUH
GLVKHV ZHUH VHFXUHG LQ D KROGHU VXLWDEOH IRU WKH PLFURVFRSH  3H&RQ *HUPDQ\
WKHQ UHWXUQHG WR WKH LQFXEDWRU IRU  KRXU /LYHFHOO LPDJLQJ ZDV FDUULHG RXW RQ D =HLVV =
6SLQQLQJ 'LVN FRQIRFDO PLFURVFRSH &DUO =HLVV $* *HUPDQ\ HTXLSSHG ZLWK D <RNRJDZD

&KDSWHU 
&68; ILOWHU ZKHHO DQG VSLQQLQJ GLVF XQLW D 3KRWRPHWULFV (YROYH  GHOWD (0&&'
FDPHUD ZLWK  ODVHU OLQHV DQG DQ [: /&O 3OD1 REMHFWLYH 'XULQJ LPDJLQJ FHOOV
ZHUH PDLQWDLQHG LQ WKH LQFXEDWRU DWWDFKPHQW LQ  &2 DW & =HQ %OXH VRIWZDUH &DUO
=HLVV $* *HUPDQ\ ZDV XVHG IRU FRQWURO DQG LPDJH DFTXLVLWLRQ )OXRUHVFHQW WG7RPDWR
ODEHOOHG FHOOV ZHUH VHOHFWHG E\ H\H DFURVV DOO  ZHOOV RI DQ LPDJLQJ GLVK $ =VWDFN LPDJH
PD[  VOLFHV ODVHU SRZHU  DQG H[SRVXUH WLPHV <  PV SHU VOLFH ZDV FDSWXUHG DQG
FRRUGLQDWHV UHFRUGHG IURP WKH PRWRULVHG VWDJH ,PDJHV ZHUH FDSWXUHG GDLO\ E\ UHWXUQLQJ
WR WKH FRRUGLQDWHV IRU HDFK FHOO XQWLO WKH HQG RI WKH H[SHULPHQW DW WG
 '\HILOOLQJ RI (02/V
0L[HG JOLDO FXOWXUHV ZHUH PDLQWDLQHG LQ  P0 JOXFRVH '0 XQWLO WG EHIRUH VLQJOH (02/V
ZHUH G\HILOOHG E\ ZKROHFHOO SDWFK FODPS DQG SDVVLYH GLIIXVLRQ RYHU  PLQXWHV DW URRP
WHPSHUDWXUH (02/V ZHUH LGHQWLILHG E\ SKDVHFRQWUDVW 0LFURHOHFWURGHV ZHUH SXOOHG
IURP ERURVLOLFDWH JODVV FDSLOODULHV  +DUYDUG $SSDUDWXV WR D UHVLVWDQFH RI 
0⌦ XVLQJ D )ODPLQJ%URZQ 3 PLFURSLSHWWH SXOOHU 6XWWHU ,QVWUXPHQWV &DOLIRUQLD 86$
&RYHUVOLSV ZHUH SODFHG LQ DQ H[WUDFHOOXODU VROXWLRQ FRQWDLQLQJ  P0 1D&O  P0 .&O
 P0 &D&O  P0 0J&O  P0 JOXFRVH  P0 +(3(6 S+   P2VPNJ 7KH
LQWUDFHOOXODU VROXWLRQ ZLWKLQ WKH PLFURHOHFWURGH FRQWDLQHG  P0 SRWDVVLXP JOXFRQDWH
 P0 0J&O  P0 (*7$  P0 +(3(6  P0 .&O  ELRF\WLQ % 6LJPD
$OGULFK  /XFLIHU \HOORZ / 6LJPD$OGULFK S+   P2VPNJ '\HILOOHG
FHOOV ZHUH UHWXUQHG WR D FHOO FXOWXUH LQFXEDWRU IRU  KRXU EHIRUH IL[DWLRQ &RYHUVOLSV ZHUH
WKHQ LPPXQRVWDLQHG DQG WKH ELRF\WLQ YLVXDOLVHG DV GHVFULEHG LQ VHFWLRQV  DQG 
 1DQRILEHUV
0L[HG JOLD SUHSDUHG DV GHVFULEHG LQ VHFWLRQ  ZHUH VHHGHG RQWR LQHUW QDQRILEHUV DV
GHVFULEHG E\ %HFKOHU  ZLWK PLQRU PRGLILFDWLRQ %ULHIO\ SRO\/ODFWLF DFLG HOHFWURVSXQ
ILEUHV LQ D VFDIIROG NLQGO\ JLIWHG E\ 'U 0DULH %HFKOHU ZHUH FRDWHG LQ SRO\/O\VLQH DV
GHVFULEHG LQ VHFWLRQ  DQG ZHUH VWRUHG LQ DXWRFODYHG GL+2 DW URRP WHPSHUDWXUH XQWLO
XVH 3ULRU WR VHHGLQJ FHOOV WKH ILEUHV ZHUH LQFXEDWHG IRU  PLQXWHV LQ SODWLQJ PHGLD
$OO PHGLD ZDV UHPRYHG EHIRUH VHHGLQJ  FHOOV LQWR HDFK ZHOO RI D ZHOO SODWH
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FRQWDLQLQJ WKH QDQRILEHUV 7KH FHOOV ZHUH WKHQ WUHDWHG LGHQWLFDOO\ DV GHVFULEHG SUHYLRXVO\ LQ
VHFWLRQV   DQG  $W WKH HQG RI WKH H[SHULPHQW WG FHOOV RQ QDQRILEHUV ZHUH
IL[HG LQ  3)$ ZDVKHG JHQWO\ ZLWK 3%6 DQG LPPXQRVWDLQHG DV GHVFULEHG LQ VHFWLRQ 
XVLQJ  P/ YROXPHV RI SULPDU\ DQG VHFRQGDU\ DQWLERG\ VROXWLRQV %HWZHHQ LQFXEDWLRQV
DQG EHIRUH PRXQWLQJ QDQRILEHUV ZHUH ZDVKHG LQ 3%6 WKUHH WLPHV RQ DQ RUELWDO VKDNHU
IRU  PLQXWHV 1DQRILEHUV ZHUH WKHQ PRXQWHG RQ JODVV VOLGHV LQ 0RZLRO  FRQWDLQLQJ
 JP/ '$3, UHFLSH LQ $SSHQGL[  DQG OHIW WR VHW IRU  GD\V LQ WKH GDUN EHIRUH
PLFURVFRS\
 /DFWDWH GHK\GURJHQDVH UHOHDVH DVVD\
&\WR7R[  QRQUDGLRDFWLYH F\WRWR[LFLW\ DVVD\ * 3URPHJD ZDV XVHG WR GHWHFW
ODFWDWH GHK\GURJHQDVH /'+ UHOHDVH D PDUNHU RI FHOO GHDWK &HOO FXOWXUH VXSHUQDWDQWV
ZHUH FROOHFWHG DW WLPH SRLQWV  / VDPSOH DQG WKH HQG RI H[SHULPHQWV 6XSHUQDWDQWV
ZHUH FHQWULIXJHG DW  [ J IRU  PLQXWH WR SHOOHW FHOO GHEULV WUDQVIHUUHG WR D QHZ
PLFURFHQWULIXJH WXEH DQG XVHG LQ DVVD\ LPPHGLDWHO\ RU VWRUHG DW & 7KH DVVD\ ZDV
SHUIRUPHG DFFRUGLQJ WR WKH PDQXIDFWXUHU¶V LQVWUXFWLRQV ZLWK VRPH PRGLILFDWLRQ %ULHIO\ 
/ FHOO VXSHUQDWDQW ZDV SLSHWWHG LQ D IODW ERWWRP  ZHOO SODWH  &RUQLQJ LQ
WULSOLFDWH $Q /'+ SRVLWLYH FRQWURO LQ WKH NLW ZDV XVHG LQ DOO DVVD\V )UHVK FXOWXUH PHGLD
ZDV XVHG DV D QHJDWLYH FRQWURO 7KH FRORXULPHWULF UHDFWLRQ ZDV VWDUWHG E\ DGGLQJ  /
VXEVWUDWH PL[ $IWHU  PLQXWHV DW URRP WHPSHUDWXUH  / VWRS VROXWLRQ ZDV DGGHG
DQG WKH RSWLFDO GHQVLW\ REWDLQHG XVLQJ D 7HFDQ 6XQULVH DXWRPDWHG PLFURSODWH UHDGHU
7HFDQ *URXS /WG 6ZLW]HUODQG ZLWK D  QP ILOWHU DQG 0DJHOODQ VRIWZDUH 7KH DYHUDJH
YDOXHV IRU FXOWXUH PHGLD RQO\ VDPSOHV EDFNJURXQG ZDV VXEWUDFWHG IURP H[SHULPHQWDO
VDPSOH
 3URSLGLXP LRGLGH ODEHOOLQJ
3URSLGLXP LRGLGH 3, 3 6LJPD$OGULFK ZDV DGGHG WR OLYH FXOWXUHV DW D ILQDO FRQFHQ
WUDWLRQ RI  JP/ DQG LQFXEDWHG LQ D FHOO FXOWXUH LQFXEDWRU IRU  PLQXWHV 7KH FHOOV ZHUH
ZDVKHG WZLFH ZLWK 3%6 IL[HG LQ  3)$ DQG LPPHGLDWHO\ H[DPLQHG E\ IOXRUHVFHQFH

&KDSWHU 
PLFURVFRS\ $V D SRVLWLYH FRQWURO IRU FHOO GHDWK VRPH FXOWXUHV ZHUH KHDWHG LQ D & ZDWHU
EDWK IRU  PLQXWHV WKHQ UHWXUQHG WR WKH LQFXEDWRU IRU  PLQXWHV EHIRUH WKH DGGLWLRQ RI 3,
 0LWR7UDFNHU ODEHOOLQJ
0LWR7UDFNHU 5HG &0;5RV 0 7KHUPR )LVKHU 6FLHQWLILF ZDV DGGHG WR OLYH FXOWXUHV
DW D ILQDO FRQFHQWUDWLRQ RI  Q0 $IWHU  PLQXWHV DOO PHGLD ZDV UHPRYHG FXOWXUHV
ULQVHG WKUHH WLPHV ZLWK  P/ IUHVK PHGLD DQG UHSODFHG ZLWK  P/ IUHVK PHGLD &HOOV ZHUH
UHWXUQHG WR DQ LQFXEDWRU IRU  PLQXWHV EHIRUH IL[DWLRQ LQ  3)$
 )L[DWLRQ
&HOOV ZHUH IL[HG E\ L SODFLQJ FRYHUVOLSV LQWR D VROXWLRQ RI &  3)$ RU LL DGGLQJ
DQ HTXDO YROXPH RI &  3)$ WR WKH FHOO FXOWXUH PHGLD DOUHDG\ LQ WKH GLVK  ILQDO
)L[DWLRQ WLPH ZDV  PLQXWHV DW URRP WHPSHUDWXUH &HOOV ZHUH WKHQ ZDVKHG WKUHH WLPHV
ZLWK 3%6 DQG VWRUHG LQ 3%6 DW &
 &U\RVHFWLRQLQJ
6SLQDO FRUGV ZHUH GLVVHFWHG IURP 3 DQG 3 PLFH )RU 3 WLVVXHV WKH ZKROH DQLPDO ZDV
LPPHUVLRQ IL[HG LQ  3)$ IRU  PLQXWHV WKHQ FRUGV ZHUH GLVVHFWHG )RU 3 WLVVXHV
DQLPDOV ZHUH WUDQVFDUGLDOO\ SHUIXVHG ZLWK SK\VLRORJLFDO VDOLQH  1D&O WKHQ  3)$
$OO WLVVXHV ZHUH SRVWIL[HG LQ  3)$ IRU D IXUWKHU  KRXUV EHIRUH EHLQJ WUDQVIHUUHG LQWR
 VXFURVH VROXWLRQ LQ 3%6 FU\RSUHVHUYDWLYH XQWLO WKH\ VDQN ⇠ GD\V 6PDOO EORFNV RI
FHUYLFDO DQG OXPEDU FRUG ZHUH SRVLWLRQHG LQ 7LVVXH7HN 2&7 &RPSRXQG  6DNXUD
DQG IUR]HQ E\ LPPHUVLRQ LQ PHWK\OEXWDQH FKLOOHG LQ OLTXLG QLWURJHQ 7KH IUR]HQ EORFNV
ZHUH ZUDSSHG LQ 3DUDILOP 3 6LJPD$OGULFK DQG VWRUHG DW & XQWLO SURFHVVLQJ
7LVVXHV ZHUH VHFWLRQHG XVLQJ DQ ³27)´ FU\RVWDW %ULJKW ,QVWUXPHQWV 8. DW  P WKLFNQHVV
7UDQVYHUVH VHFWLRQV ZHUH FXW RI FHUYLFDO VSLQDO FRUG DW & ± & OHYHO DQG OXPEDU VSLQDO
FRUG DW / ± / OHYHO 7LVVXH VHFWLRQV ZHUH PRXQWHG RQ 7KHUPR 6FLHQWLILF 6XSHU)URVW
3OXV $GKHVLRQ VOLGHV  )LVKHU 6FLHQWLILF DQG DOORZHG WR DLU GU\ IRU  KRXUV DW
URRP WHPSHUDWXUH EHIRUH VWRULQJ DW & XQWLO VWDLQLQJ

&KDSWHU 
 ,PPXQRF\WRFKHPLVWU\ DQG VWDLQLQJ RI FHOO FXOWXUHV
6ROXWLRQV ZHUH SLSHWWHG RQWR D 3DUDILOP 3 6LJPD$OGULFK OLQHG WUD\ DQG FRYHUVOLSV
SODFHG RQ WRS &HOOV ZHUH SHUPHDELOL]HG ZLWK  7ULWRQ ; ; 6LJPD$OGULFK
LQ 3%6 IRU  PLQXWHV DW URRP WHPSHUDWXUH 7KH FRYHUVOLSV ZHUH WKHQ ZDVKHG WKUHH
WLPHV LQ 3%6 DQG EORFNHG LQ EORFNLQJ EXIIHU  QRUPDO JRDW VHUXP >* 6LJPD
$OGULFK@ LQ 3%6 IRU  KRXU DW URRP WHPSHUDWXUH &RYHUVOLSV ZHUH WKHQ WUDQVIHUUHG RQWR
SULPDU\ DQWLERGLHV VHH 7DEOH  GLOXWHG LQ EORFNLQJ EXIIHU DQG LQFXEDWHG RYHUQLJKW DW
& LQ D KXPLGLILHG HQYLURQPHQW &RYHUVOLSV ZHUH ZDVKHG WKRURXJKO\ EHIRUH DSSOLFDWLRQ RI
VHFRQGDU\ DQWLERGLHV VHH 7DEOH  GLOXWHG  LQ EORFNLQJ EXIIHU IRU  KRXU DW URRP
WHPSHUDWXUH $OO VHFRQGDU\ DQWLERGLHV ZHUH SXUFKDVHG IURP ,QYLWURJHQ DQG XVHG $OH[D
)OXRU IOXRURSKRUHV &RYHUVOLSV ZHUH ZDVKHG WKUHH WLPHV LQ 3%6 DQG RQFH LQ GL+2
EHIRUH PRXQWLQJ RQ JODVV VOLGHV  7KHUPR 6FLHQWLILF ZLWK 0RZLRO  PRXQWLQJ
PHGLXP FRQWDLQLQJ  JP/ '$3, UHFLSH LQ $SSHQGL[  7KH PRXQWLQJ PHGLXP ZDV
DOORZHG WR VHW EHIRUH PLFURVFRS\
 3KDOORLGLQ VWDLQLQJ
7R YLVXDOLVH )DFWLQ $OH[D )OXRU  SKDOORLGLQ VWDLQ $ ,QYLWURJHQ UHFRQVWLWXWHG
LQ PHWKDQRO ZDV DSSOLHG WR FRYHUVOLSV DIWHU WKH DSSOLFDWLRQ RI VHFRQGDU\ DQWLERGLHV 
LQ EORFNLQJ EXIIHU IRU  KRXU DW URRP WHPSHUDWXUH
 6WUHSWDYLGLQ ODEHOOLQJ RI ELRF\WLQ
%LRF\WLQILOOHG (02/V ZHUH ODEHOOHG ZLWK VWUHSWDYLGLQ 7H[DV 5HG 6$ 9HFWRU
/DERUDWRULHV DW  DSSOLHG ZLWK VHFRQGDU\ DQWLERGLHV DV GHVFULEHG LQ VHFWLRQ 
 /LSLG VWDLQV
1HXWUDO OLSLGV ZHUH LGHQWLILHG LQ FHOOV DW W XVLQJ /LSLG72; *UHHQ + ,QYLWURJHQ
DSSOLHG WR IL[HG FHOOV DW  LQ  VDOLQH IRU  PLQXWHV ([FHVV OLTXLG ZDV EORWWHG RII
ZLWK OLQWIUHH WLVVXH DQG FRYHUVOLSV ZHUH SODFHG RQ JODVV VOLGHV ZLWKRXW PRXQWLQJ PHGLXP
EHIRUH LPDJLQJ E\ IOXRUHVFHQFHPLFURVFRS\ $W WG QHXWUDO OLSLGV ZHUH ODEHOOHG ZLWK 1LOH 5HG

&KDSWHU 
DE $EFDP DFFRUGLQJ WR WKH PDQXIDFWXUHU¶V LQVWUXFWLRQV IROORZLQJ LPPXQRVWDLQLQJ
%ULHIO\ VROXWLRQV ZHUH DSSOLHG DW  IRU  PLQXWHV DW URRP WHPSHUDWXUH LQ WKH GDUN
&RYHUVOLSV ZHUH WKHQ ZDVKHG WKUHH WLPHV LQ 3%6 RQFH LQ GL+2 DQG PRXQWHG RQ JODVV
VOLGHV ZLWK 0RZLRO  PRXQWLQJ PHGLXP DV GHVFULEHG LQ VHFWLRQ 

&KDSWHU 
7DEOH  _ 3ULPDU\ DQWLERGLHV XVHG IRU LPPXQRIOXRUHVFHQFH PLFURVFRS\
Antigen Host Isotype Dilution Manufacturer Product code 
ȕ-tubulin IV Mouse IgG1 1:200 Abcam ab11315 
BCAS1 Rabbit IgG 1:1000 Synaptic Systems 445 003 
CC11 Mouse IgG2b 1:200 Novus Biologicals NB600-1021 
CD45 Rat IgG 1:400 Bio-Rad MCA1388 
Cleaved 
caspase-3 Rabbit IgG 1:1000 Abcam ab49822 
CNP Mouse IgG1 1:1000 Abcam ab6319 
GFAP Rabbit IgG 1:1000 Agilent Z0334 
MBP Rat IgG 1:400 Bio-Rad MCA409S 
NeuN Rabbit IgG 1:500 Sigma-Aldrich ABN78 
NG2 Rabbit IgG 1:200 Sigma-Aldrich AB5320 
Olig2 Mouse IgG2a 1:200 Merck MABN50 
PLP2 Rabbit IgG 1:1000 NA NA 
SMI31 Mouse IgG1 1:1000 BioLegend 801601 
 3URGXFW GLVFRQWLQXHG  *LIWHG IURP 3URI 1 *URRP WR 'U , 5 *ULIILWKV WKHQ 3URI - 0 (GJDU

&KDSWHU 




Alexa Fluor™ 488 Alexa Fluor™ 568 Alexa Fluor™ 647 
Goat anti-
mouse IgG1 A21121 A21124 A21240 
Goat anti-
mouse IgG2a - A21134 A21241 
Goat anti-
mouse IgG2b - A21144 - 
Goat anti-
Rabbit IgG A11008 A11036 A21244 
Goat anti-
Rat IgG A11006 A11077 A21247 

&KDSWHU 
 ,PPXQRKLVWRFKHPLVWU\ RQ WLVVXH VHFWLRQV
7LVVXHV ZHUH ZDVKHG LQ 3%6 IRU  PLQXWHV RQ DQ RUELWDO VKDNHU EHIRUH SHUPHDELOL]DWLRQ
DQG EORFNLQJ XVLQJ  7ULWRQ ; LQ EORFNLQJ EXIIHU VHFWLRQ  IRU  KRXU 3ULPDU\
DQWLERGLHV 7DEOH  ZHUH DSSOLHG LQ WKH VDPH EXIIHU RYHUQLJKW DW & $IWHU ZDVKLQJ WKUHH
WLPHV LQ 3%6 VHFRQGDU\ DQWLERGLHV  7DEOH  ZHUH DSSOLHG IRU  KRXU DW URRP
WHPSHUDWXUH LQ EORFNLQJ EXIIHU 6HFWLRQV ZHUH ZDVKHG WKUHH WLPHV LQ 3%6 RQFH LQ GL+2
WKHQ PRXQWHG ZLWK &LWL)/825 (OHFWURQ 0LFURVFRS\ 6FLHQFH 86$ FRQWDLQLQJ  JP/
'$3, &RYHUVOLSV ZHUH VHDOHG ZLWK QDLO HQDPHO
 )OXRUHVFHQFH PLFURVFRS\
 ,OOXVWUDWLYH LPDJHV
,OOXVWUDWLYH LPDJHV ZHUH FDSWXUHG XVLQJ D =HLVV $[LR ,PDJHU 0 IOXRUHVFHQW PLFURVFRSH DQG
=HQ %OXH VRIWZDUH &DUO =HLVV $* *HUPDQ\ RU D /HLFD '0L PLFURVFRSH ZLWK +DPDPDWVX
25&$ IODVK  9 V&026 FDPHUD DQG /HLFD ,PDJLQJ 6RIWZDUH /HLFD *HUPDQ\
 4XDOLWDWLYH DVVHVVPHQWV
4XDOLWDWLYH DVVHVVPHQWV RI LPPXQRVWDLQHG FXOWXUHV ZHUH PDGH IRU VRPH H[SHULPHQWV E\
DQ LQGHSHQGHQW UHVHDUFKHU ZKR ZDV EOLQGHG WR WKH H[SHULPHQWDO FRQGLWLRQV 4XDOLWDWLYH
VWDWHPHQWV ZHUH PDGH LQ FRPSDULVRQ WR FRQWURO FXOWXUHV
 4XDQWLWDWLYH LPDJLQJ
,PDJHV IRU TXDQWLILFDWLRQ ZHUH FDSWXUHG XVLQJ D =HLVV $[LR ,PDJHU 0 IOXRUHVFHQW PLFUR
VFRSH DQG =HQ %OXH VRIWZDUH 'DWD DFTXLVLWLRQ ZDV FDUULHG RXW EOLQGHG 7R DYRLG ELDV 
LPDJHV ZHUH FDSWXUHG DFURVV WKH FRYHUVOLS LQ DSSUR[LPDWHO\ WKH VDPH SRVLWLRQ EHWZHHQ
FRYHUVOLSV VKRZQ LQ )LJXUH  XVLQJ D [ DLU REMHFWLYH 7KH '$3, FKDQQHO ZDV XVHG WR
VHW IRFXV IRU WKH LPDJH EHIRUH FDSWXULQJ DOO RWKHU DSSURSULDWH FKDQQHOV )LOHV ZHUH VDYHG






)LJXUH  _ /RFDWLRQV ZKHUH LPDJHV ZHUH FDSWXUHG IRU TXDQWLILFDWLRQ DFURVV FHOO
FXOWXUH FRYHUVOLSV ,PDJHV ZHUH FDSWXUHG LQ  ORFDWLRQV JUHHQ GRWV DFURVV WKH FRYHUVOLS




 4XDQWLILFDWLRQ IURP PLFURVFRS\
4XDQWLILFDWLRQ ZDV FDUULHG RXW PDQXDOO\ XVLQJ )L-L LPDJH DQDO\VLV VRIWZDUH 6FKLQGHOLQ
HW DO  XVLQJ LPDJHV FDSWXUHG IRU TXDQWLILFDWLRQ DV GHVFULEHG LQ VHFWLRQ  ,PDJH
ILOHV ZHUH RSHQHG LQ .CZI IRUPDW XVLQJ WKH ³%LR)RUPDWV´ SOXJLQ E\ %HVVRQ HW DO 
 &HOO GHQVLW\
&HOO GHQVLW\ TXDQWLILFDWLRQ ZDV FDUULHG RXW E\ SODFLQJ D UHJLRQ RI LQWHUHVW 52,  P
FHQWUDOO\ RQ DQ LPDJH DQG FRXQWLQJ DOO KHDOWK\DSSHDULQJ '$3,ODEHOOHG QXFOHL GHVFULEHG
LQ VHFWLRQ  ZLWKLQ WKH 52, RU RYHUODSSLQJ WKH HDVW RU VRXWK ERUGHU 7KH ³FHOO FRXQWHU´
SOXJLQ ZLWKLQ )L-L ZDV XVHG WR UHFRUG FRXQWV &HOOV ODEHOOHG ZLWK D FHOOW\SH PDUNHU HJ
&' &13 *)$3 ZHUH TXDQWLILHG ZKHQ FRLQFLGLQJ ZLWK D SUHYLRXVO\ FRXQWHG KHDOWK\
DSSHDULQJ '$3,ODEHOOHG QXFOHXV 7KH FHOO FRXQWV IRU HDFK H[SHULPHQWDO FRQGLWLRQ DQG WLPH
SRLQW ZHUH WRWDOOHG DFURVV  LPDJHV RU  ZKHUH D WHFKQLFDO GXSOLFDWH ZDV DYDLODEOH
GLYLGHG E\ WKH WRWDO DUHD DQDO\VHG DQG PXOWLSOLHG E\ RQH PLOOLRQ WR REWDLQ WKH QXPEHU
RI FHOOPP $Q\ W FRYHUVOLS IURP PL[HG JOLDO FXOWXUHV WKDW KDG <  FHOOVPP ZHUH
H[FOXGHG &HOO GHQVLWLHV ZHUH WKHQ H[SUHVVHG DV D SHUFHQWDJH RI WKH W GHQVLW\ IRU HDFK
ELRORJLFDO UHSOLFDWH
 +HDOWK\DSSHDULQJ '$3,ODEHOOHG QXFOHL
+HDOWK\DSSHDULQJ '$3,ODEHOOHG QXFOHL ZHUH DVVHVVHG YLVXDOO\ EDVHG RQ QXFOHDU PRUSKRO
RJ\ DV GHVFULEHG E\ &XPPLQJV DQG 6FKQHOOPDQQ  +HDOWK\ QXFOHL KDYH D GLIIXVH
SDOH EDFNJURXQG ZLWK YLVLEOH SXQFWD RI FRQGHQVHG FKURPDWLQ 7KHVH DUH YLVXDOO\ GLVWLQFW
IURP G\LQJ RU GHDG FHOO QXFOHL ZKLFK DSSHDU EULJKW DQG VPDOO GXH WR QXFOHDU FRQGHQVDWLRQ
S\NQRWLF RU IUDJPHQWHG GXH WR QXFOHDU IUDJPHQWDWLRQ NDU\RUUKHFWLF
 (02/ FHOO VL]H
(02/ FHOO VL]H ZDV TXDQWLILHG E\ PHDVXULQJ WKH DUHD RFFXSLHG E\ WKH FHOO DV GHOLQHDWHG
E\ &13 VWDLQLQJ ,PDJHV ZHUH FRQYHUWHG WR ELW DQG D WKUHVKROG RI  PLQ DQG 
PD[ ZDV DSSOLHG 7R HQVXUH FRQVLVWHQW PHDVXUHPHQWV DOO LPDJHV ZHUH DGMXVWHG LQ WKH

&KDSWHU 
VDPH ZD\ ZLWKLQ DQ H[SHULPHQW 2YHUODSSLQJ (02/V ZHUH VHSDUDWHG XVLQJ WKH OLQH WRRO
WR HUDVH DQ DUHD RI VWDLQLQJ ZKHUH WKH FHOOV WRXFKHG $Q 52, ZDV WKHQ GUDZQ DURXQG
WKH HQWLUH FHOO DQG PHDVXUHG H[SUHVVLQJ WKH DUHD DV PP LOOXVWUDWHG LQ )LJXUH  )RU
PRXVH SULPDU\ PL[HG JOLDO FXOWXUHV DW OHDVW  FHOOV ZHUH LQFOXGHG LQ WKH ILQDO GDWD DIWHU
5287 DQDO\VLV PD[LPXP IDOVH GLVFRYHU\ UDWH RI  SHU FRQGLWLRQ DFURVV WZR WHFKQLFDO
UHSOLFDWHV )RU (02/HQULFKHG FXOWXUHV DW OHDVW  FHOOV ZHUH LQFOXGHG LQ WKH ILQDO GDWD
DIWHU 5287 DQDO\VLV
 (02/ QDQRWXEHOLNH VWUXFWXUHV
4XDQWLILFDWLRQ RI (02/ QDQRWXEHOLNH VWUXFWXUHV ZDV FDUULHG RXW PDQXDOO\ XVLQJ &13
VWDLQLQJ WR GHOLQHDWH WKHP 7KH QXPEHU RI SURFHVVHV RQ D VLQJOH (02/ZHUH FRXQWHG XVLQJ
WKH ³FHOO FRXQWHU´ SOXJLQ LI L WKH SURFHVV ZLGWK ZDV <  P DQG LL H[WHQGHG JUHDWHU WKDQ 
P IURP WKH FHOO ERG\ &13 (02/V ZHUH VHOHFWHG DW UDQGRP WR EH DQDO\VHG DQG RQO\ FHOOV
LQ DUHDV ZKHUH WKH VWUXFWXUHV FRXOG EH FOHDUO\ LGHQWLILHG ZHUH LQFOXGHG LQ WKH DQDO\VLV )RU
PRXVH SULPDU\ PL[HG JOLDO FXOWXUHV DW OHDVW  FHOOV SHU FRQGLWLRQ ZHUH DVVHVVHG DFURVV
WZR WHFKQLFDO UHSOLFDWHV $W OHDVW  FHOOV ZHUH LQFOXGHG LQ WKH ILQDO GDWD DIWHU 5287 DQDO\VLV
PD[LPXP IDOVH GLVFRYHU\ UDWH RI  SHU FRQGLWLRQ DFURVV WZR WHFKQLFDO UHSOLFDWHV ,Q




)LJXUH  _ 4XDQWLILFDWLRQ RI (02/ FHOO VL]H DV PHDVXUHG E\ WKH RXWOLQH RI &13
VWDLQLQJ D $Q LPDJH RI D &13 (02/ E $ WKUHVKROG LV DSSOLHG WR WKH LPDJH WR FUHDWH
D VROLG RXWOLQH RI WKH FHOO F 7KH DUHD RFFXSLHG E\ WKH FHOO LV PHDVXUHG UHG RXWOLQH DQG




3UHSDUDWLRQ RI VSLQDO FRUG IRU HOHFWURQ PLFURVFRS\ ZDV FDUULHG RXW DV GHVFULEHG LQ (GJDU
HW DO  ZLWK VRPH PRGLILFDWLRQ
 7LVVXH SURFHVVLQJ
%ULHIO\ VSLQDO FRUGV IURP 3 PLFH ZHUH FROOHFWHG DV GHVFULEHG LQ VHFWLRQ  )RU 3 FRUG
DQLPDOV ZHUH WUDQVFDUGLDOO\ SHUIXVHG ZLWK SK\VLRORJLFDO VDOLQH WKHQ VWURQJ IL[DWLYH 
JOXWDUDOGHK\GH  SDUDIRUPDOGHK\GH  0 &D&O  0 VRGLXP FDFRG\ODWH S+ 
$OO WLVVXHV ZHUH SRVWIL[HG LQ VWURQJ IL[DWLYH IRU PRUH WKDQ  ZHHNV EHIRUH SURFHVVLQJ 7LVVXH
VDPSOHV ZHUH ZDVKHG LQ LVRWRQLF VRGLXP FDFRG\ODWH EXIIHU  0 VRGLXP FDFRG\ODWH
 0 1D&O  0 &D&O  0 0J&O S+ ± EHIRUH LQFXEDWLRQ LQ  RVPLXP
WHWUR[LGH LQ VRGLXP FDFRG\ODWH EXIIHU IRU  KRXUV 6DPSOHV ZHUH ZDVKHG DJDLQ LQ LVRWRQLF
VRGLXP FDFRG\ODWH EXIIHU IRU  PLQXWHV WKHQ SURJUHVVLYHO\ GHK\GUDWHG LQ HWKDQRO EHIRUH
ZDVKLQJ LQ SURS\OHQH R[LGH 7KH WLVVXHV ZHUH LPSUHJQDWHG ZLWK D  PL[WXUH RI SURS\OHQH
R[LGHDUDOGLWH UHVLQ RYHUQLJKW IROORZHG E\ D  PL[WXUH RYHUQLJKW DQG ILQDOO\  DUDOGLWH
RYHUQLJKW 3URFHVVHG WLVVXHV ZHUH WKHQ HPEHGGHG LQ VLOLFRQH PRXOGV XVLQJ IUHVK DUDOGLWH
DQG FXUHG LQ DQ RYHQ DW & IRU  KRXUV
 7UDQVPLVVLRQ HOHFWURQ PLFURVFRS\
7UDQVPLVVLRQ HOHFWURQ PLFURVFRS\ ZDV FDUULHG RXW RQ  QP XOWUDWKLQ VHFWLRQV FXW XVLQJ D
/HLFD 8OWUDPLFURWRPH (0 8& /HLFD %LRV\VWHPV DQG PRXQWHG RQ D FRSSHU JULG 0RXQWHG
WKLQ VHFWLRQV ZHUH VWDLQHG ZLWK  XUDQ\O DFHWDWH LQ  HWKDQRO IRU  PLQXWHV LQ WKH GDUN
ZDVKHG WKHQ VWDLQHG ZLWK 5H\QROG¶V OHDG FLWUDWH IRU  PLQXWHV LQ WKH GDUN ,OOXVWUDWLYH
LPDJHV ZHUH FDSWXUHG RQ D -(2/ (; WUDQVPLVVLRQ HOHFWURQ PLFURVFRSH 7(0 UXQQLQJ




3ULRU WR 51$ H[WUDFWLRQ SLSHWWHV DQG ZRUN DUHDV ZHUH FOHDQHG XVLQJ 51DVH=DS 51DVH
'HFRQWDPLQDWLRQ 6ROXWLRQ $0 ,QYLWURJHQ %HIRUH 57T3&5 SLSHWWHV DQG ZRUN
DUHDV ZHUH FOHDQHG ZLWK  HWKDQRO 3ODVWLFV DQG PLFURFHQWULIXJH WXEHV ZHUH DXWRFODYHG
SULRU WR XVH XQOHVV SURYLGHG DV SDUW RI D NLW DQG FHUWLILHG QXFOHDVH DQG '1$IUHH
 51$ H[WUDFWLRQ
7KH JXDQLGLQLXP WKLRF\DQDWH±SKHQRO±FKORURIRUP PHWKRG &KRPF]\QVNL DQG 6DFFKL 
ZDV XVHG WR H[WUDFW 51$FRQWDLQLQJ FHOO O\VDWHV IURP PL[HG JOLDO FHOO FXOWXUHV %ULHIO\
DOO FXOWXUH PHGLD ZDV UHPRYHG IURP WKH FXOWXUH GLVK DQG UHSODFHG ZLWK  / 75,]RO
5HDJHQW  ,QYLWURJHQ WR O\VH FHOOV $IWHU  PLQXWHV WKH O\VDWH ZDV SLSHWWHG
RYHU HDFK  PP JODVV FRYHUVOLS LQ WKH GLVK WKUHH WLPHV WR GLVORGJH DQ\ UHPDLQLQJ FHOOV
7KH WRWDO FHOO O\VDWH ZDV WKHQ WUDQVIHUUHG WR D PLFURFHQWULIXJH WXEH %HWZHHQ  DQG  FHOO
FXOWXUH GLVKHV ZHUH XVHG DQG SRROHG SHU H[SHULPHQWDO FRQGLWLRQ WR REWDLQ HQRXJK 51$
IRU GRZQVWUHDP XVH 7KH FHOO O\VDWH ZDV HLWKHU SURFHVVHG LPPHGLDWHO\ RU VWRUHG DW í &
 51$ SXULILFDWLRQ
7R LVRODWH 51$  / FKORURIRUP ZDV DGGHG WR HDFK VDPSOH SHU  / FHOO O\VDWH
YRUWH[HG YLJRURXVO\ DQG DOORZHG WR LQFXEDWH IRU  PLQXWHV DW URRP WHPSHUDWXUH 6DPSOHV
ZHUH WKHQ FHQWULIXJHG DW  [ J DW  & IRU  PLQXWHV 7KH FOHDU DTXHRXV SKDVH
FRQWDLQLQJ WKH 51$ ZDV WUDQVIHUUHG WR D QHZ PLFURFHQWULIXJH WXEH  / DTXHRXV SKDVH
SHU  / RI RULJLQDO O\VDWH FRQWDLQLQJ DQ HTXDO YROXPH RI  HWKDQRO DQG YRUWH[HG 7KH
51$ ZDV SXULILHG XVLQJ WKH 3XUH/LQN 51$0LQL .LW  ,QYLWURJHQ DFFRUGLQJ
WR WKH PDQXIDFWXUHU¶V LQVWUXFWLRQV %ULHIO\ VDPSOHV ZHUH ORDGHG RQWR D VSLQ FROXPQ DQG
FHQWULIXJHG DW  [ J IRU  VHFRQGV 7KH IORZWKURXJK ZDV GLVFDUGHG DQG WKH VSLQ
FROXPQ ZDV ZDVKHG ZLWK ZDVK EXIIHU  EHIRUH EHLQJ WUHDWHG ZLWK '1DVH  4LDJHQ
IRU  PLQXWHV DW URRP WHPSHUDWXUH 7KH VSLQ FROXPQ ZDV ZDVKHG DJDLQ ZLWK ZDVK EXIIHU
 WKHQ ZDVK EXIIHU  EHIRUH GU\LQJ E\ FHQWULIXJDWLRQ DW  [ J IRU  PLQXWHV 7KH
SXULILHG 51$ ZDV HOXWHG LQWR D UHFRYHU\ WXEH SURYLGHG ZLWK WKH NLW E\ SLSHWWLQJ  /

&KDSWHU 
QXFOHDVHIUHH ZDWHU QI+2 RQWR WKH VSLQ FROXPQ PHPEUDQH LQFXEDWLQJ IRU  PLQXWHV
WKHQ FHQWULIXJLQJ DW  [ J IRU  PLQXWHV 7KH 51$ \LHOG ZDV GHWHUPLQHG XVLQJ D
'H1RYL[ '6 VSHFWURSKRWRPHWHU 'H1RYL[ :DVKLQJWRQ 86$
 F'1$ V\QWKHVLV
6XSHU6FULSW ,9 5HYHUVH 7UDQVFULSWDVH ,QYLWURJHQ  ZDV XVHG WR V\QWKHVLVH
F'1$ IURP QJ RI SXULILHG 51$ 5HDFWLRQ PL[WXUHV ZHUH SUHSDUHG LQ DGYDQFH DQG DGGHG
LQ WZR VWHSV
5HDFWLRQ PL[ RQH
 / 51$  QJ LQ QI+2
/ G173V 16 1HZ (QJODQG %LRODEV
 / 5DQGRP KH[DPHUV 1 ,QYLWURJHQ
5HDFWLRQ PL[ WZR
 / 6XSHU6FULSW ,9 EXIIHU
 / 6XSHU6FULSW ,9 UHYHUVH WUDQVFULSWDVH
/ '77
/ 51DVH287  ,QYLWURJHQ
5HDFWLRQ PL[ RQH ZDV KHDWHG WR  & IRU  PLQXWHV WKHQ SODFHG RQ LFH 5HDFWLRQ PL[HG
WZR ZDV DGGHG WR UHDFWLRQ PL[ RQH PL[HG E\ SLSHWWLQJ DQG KHDWHG WR  &  & DQG
 & IRU  PLQXWHV HDFK 6XSHU6FULSW ,9 UHYHUVH WUDQVFULSWDVH ZDV UHSODFHG ZLWK
QI+2 LQ QR UHYHUVHWUDQVFULSWDVH 157 FRQWUROV 6DPSOHV ZHUH WKHQ GLOXWHG  ZLWK
QI+2 DQG VWRUHG DW í &
 3ULPHU GHVLJQ
3ULPHUV ZHUH GHVLJQHG XVLQJ 3ULPHU%/$67 <H HW DO  IRU XVH LQ PRXVH 0XV PXV
FXOXV WD[LG  DQG SXUFKDVHG IURP ,QWHJUDWHG '1$ 7HFKQRORJLHV /HXYHQ %HOJLXP
3ULPHU GHVLJQ SDUDPHWHUV ZHUH NHSW FRQVWDQW ZKHUH SRVVLEOH DQG DUH VXPPDULVHG LQ
7DEOH  2XWHU SULPHUV ZHUH GHVLJQHG WR VWDUWHQG DW OHDVW  ES IURP WKH LQQHU SULPHU

&KDSWHU 
VHTXHQFH 3ULPHUV ZHUH UHFRQVWLWXWHG LQ QI+2 WR  0 DQG VWRUHG DW í & $OO SULPHUV
ZHUH YDOLGDWHG E\ HQGSRLQW 3&5 DV GHVFULEHG LQ $SSHQGL[ 
 57T3&5 ZLWK VWDQGDUG FXUYHV
$ SDQHO RI JHQHV WKDW HQFRGH NH\ UHJXODWRU\ HQ]\PHV LQ PHWDEROLVP 7DEOH  ZHUH
H[DPLQHG E\ VWDQGDUG FXUYH 57T3&5 GHVFULEHG E\ 0F.LPPLH DQG )D]DNHUOH\ 
7KLV PHWKRG DOORZV IRU WKH VHPLTXDQWLWDWLYH FRPSDULVRQ RI UHODWLYH FRSLHV 5& RI D JHQH
RI LQWHUHVW *2, EHWZHHQ H[SHULPHQWDO FRQGLWLRQV
 *HQHUDWLRQ RI VWDQGDUG FXUYHV
6WDQGDUG FXUYHV ZHUH PDGH E\ VHULDO GLOXWLRQ RI 3&5 SURGXFWV JHQHUDWHG XVLQJ WKH RXWHU
SULPHUV 0L[HG JOLDO FXOWXUHV PDLQWDLQHG LQ +( PHGLD IRU  GD\V ZHUH XVHG WR REWDLQHG
WHPSODWH F'1$ VLQFH WKH\ H[SUHVVHG DOO *2, ZH WHVWHG 7KH 3&5 SURGXFWV ZHUH JHQHUDWHG
XVLQJ WKH IROORZLQJ UHDFWLRQ PL[
 / -XPS6WDUW 5('7DT 5HDG\0L[ 3 6LJPD$OGULFK
 / )RUZDUG SULPHU DW  0
 / 5HYHUVH SULPHU DW  0
 / QI+2
 / F'1$
7KH 3&5 F\FOLQJ SDUDPHWHUV ZHUH
  & IRU  PLQXWHV
  & IRU  VHFRQGV
  & IRU  VHFRQGV
  & IRU  VHFRQGV !   IRU [ F\FOHV
  & IRU  PLQXWHV
  & DQG SDXVH
7KH 3&5 SURGXFWV ZHUH SXULILHG XVLQJ WKH 3XUH/LQN 3&5 3XULILFDWLRQ .LW .
,QYLWURJHQ DFFRUGLQJ WR WKH PDQXIDFWXUHU¶V LQVWUXFWLRQV %ULHIO\  / ELQGLQJ EXIIHU
% ZDV PL[HG ZLWK / 3&5 UHDFWLRQ PL[ FRQWDLQLQJ WKH 3&5 SURGXFW 7KH VDPSOH
ZDV DGGHG WR D VSLQ FROXPQ DQG FHQWULIXJHG DW  [ J IRU  PLQXWH 7KH VSLQ FROXPQ

&KDSWHU 
7DEOH  _ 3ULPHU GHVLJQ SDUDPHWHUV IRU LQQHU DQG RXWHU SULPHUV
Parameter Inner primers Outer primers 
Primer size (bp) 20-23 
Primer GC content (%) 40-65 
Primer Tm Desired 59.5°C, min. 56°C 
Max self-
complementarity Any = 2, 3’ = 1 
Max pair 
complementarity Any = 3 
Intron inclusion Yes, min. 200 bp 
PCR product size (bp) Desired 50-150, max. 200 Desired 700, max. 1,000 

&KDSWHU 
7DEOH  _ 3ULPHU VHTXHQFHV XVHG LQ 57T3&5 H[SHULPHQWV
Target 
NCBI ref. 
Inner primers (5ƍ-3ƍ) Outer primers (5ƍ-3ƍ) 













































































































































3XEOLVKHG VHTXHQFHV  <RXQJ HW DO   0RRQ HW DO   /LX HW DO   0L\D]DZD HW DO 
 6KL HW DO 

&KDSWHU 
PHPEUDQH ZDV WKHQ ZDVKHG ZLWK  / ZDVK EXIIHU DQG FHQWULIXJHG DW  [ J IRU
 PLQXWH 7KH PHPEUDQH ZDV GULHG E\ FHQWULIXJLQJ DW  [ J IRU  PLQXWHV 3XULILHG
3&5 SURGXFW ZDV HOXWHG LQ  / QI+2 LQWR D UHFRYHU\ WXEH SURYLGHG ZLWK WKH NLW E\
FHQWULIXJDWLRQ DW  [ J IRU  PLQXWHV 7KH \LHOG RI SXULILHG 3&5 SURGXFW ZDV TXDQWLILHG
XVLQJ D 'H1RYL[ '6 VSHFWURSKRWRPHWHU 'H1RYL[ :DVKLQJWRQ 86$ DQG >  QJ/
ZDV UHTXLUHG WR SURFHHG 7KH SXULILHG SURGXFWV ZHUH UXQ RQ DQ DJDURVH JHO DV GHVFULEHG
LQ $SSHQGL[  WR FRQILUP WKH\ ZHUH RI WKH H[SHFWHG PROHFXODU ZHLJKW 1HDW SXULILHG
SURGXFWV DQG   GLOXWLRQV LQ QI+2 ZHUH VWRUHG DW í & XQWLO XVH 7KH 
GLOXWLRQ ZDV XVHG WR PDNH  VHULDO GLOXWLRQV XS WR  VWDQGDUGV IRU HDFK *2,
 57T3&5
3ULPHU DQG PDVWHU PL[HV IRU HDFK *2, ZHUH PDGH WR FRYHU
 VWDQGDUGV ±
  QXPEHU RI VDPSOHV
  QXPEHU RI FRQWUROV QR 57 DQG QI+2 RQO\
0XOWLSOLHG E\  DOO UDQ LQ WULSOLFDWH SOXV DQ DGGLWLRQDO  WR DOORZ IRU SLSHWWLQJ HUURU
7KH 57T3&5 PDVWHU PL[ FRQWDLQHG WKH IROORZLQJ
 / 3RZHU 6<%5 *UHHQ 0DVWHU 0L[  $SSOLHG %LRV\VWHPV
 / 3ULPHU PL[  S0/ IRUZDUG DQG UHYHUVH SULPHU
 / QI+2
0LFUR$PS ZHOO UHDFWLRQ SODWHV  $SSOLHG %LRV\VWHPV ZHUH FKLOOHG RQ
6WDU&KLOO 3&5 ZHOO &KLOOHU 5DFNV ( 6WDU/DE DQG / 57T3&5 PDVWHU PL[ ZDV
DGGHG WR HDFK ZHOO DV UHTXLUHG 7ZR / RI VWDQGDUG VDPSOH F'1$ RU FRQWURO VDPSOH 157
RU QI+2 ZDV SLSHWWHG RQWR WKH VLGH RI WKH DSSURSULDWH ZHOO 5HDFWLRQ SODWHV ZHUH VHDOHG
ZLWK D 0LFUR$PS2SWLFDO $GKHVLYH )LOP  $SSOLHG %LRV\VWHPV DQG FHQWULIXJHG
DW  [ J IRU  PLQXWH 57T3&5 ZDV WKHQ SHUIRUPHG RQ DQ $SSOLHG %LRV\VWHPV )DVW




  & IRU  PLQXWHV
  & IRU  VHFRQGV
  & IRU  PLQXWH !   IRU [ F\FOHV
([SUHVVLRQ RI HDFK *2, ZDV QRUPDOLVHG WR 7$7$ER[ ELQGLQJ SURWHLQ 7ES DQG TXDQWLWDWLYH
DQDO\VLV EDVHG RQ WKH VWDQGDUG FRS\ QXPEHU PHWKRG ZDV SHUIRUPHG
 /LSLGRPLFV
0L[HG JOLD RU (02/HQULFKHG FXOWXUHV ZHUH XVHG IRU OLSLGRPLFV DQDO\VLV DIWHU FXOWXULQJ
DV GHVFULEHG LQ VHFWLRQV  DQG  ZLWK VRPH PRGLILFDWLRQ 5DWKHU WKDQ IL[LQJ FHOOV
FRYHUVOLSV DW W DQG WG ZHUH ZDVKHG RQFH LQ URRP WHPSHUDWXUH 3%6 WKH H[FHVV OLTXLG
UHPRYHG ZLWK D SLHFH RI WLVVXH SDSHU WKHQ IUR]HQ LQ D ZHOO SODWH SODFHG RQ GU\ LFH (DFK
FRQGLWLRQ KDG  RU  WHFKQLFDO UHSHDWV &RYHUVOLSV ZHUH VWRUHG DW & XQWLO VKLSSLQJ RQ
GU\ LFH WR WKH +RUQHPDQQ ODE 8QLYHUVLW\ RI =XULFK ZKR NLQGO\ SHUIRUPHG OLSLG H[WUDFWLRQ
DQG OLTXLG FKURPDWRJUDSK\PDVV VSHFWURVFRS\
 /LSLG H[WUDFWLRQ DQG OLTXLG FKURPDWRJUDSK\PDVV
VSHFWURVFRS\
7KH SURWRFROV EHORZ ZDV SURYLGHG E\ 'U *HUJHO\ .DUVDL DQG LV EDVHG RQ SUHYLRXV ZRUN .DU
VDL HW DO  ZLWK VRPH PRGLILFDWLRQV %ULHIO\ FRYHUVOLSV ZLWK DGKHUHG FHOOV ZHUH FUXVKHG
DQG SODFHG LQ D UHDFWLRQ WXEH ZLWK  P/ PHWKDQROPHWK\O WHUWLDU\EXW\O HWKHUFKORURIRUP
UHIHUUHG WR DV 00&  >YYY@ 7KH 00& PL[ FRQWDLQHG EXW\ODWHG K\GUR[\WROXHQH 
PJ/ DQG ZDV IRUWLILHG ZLWK  SPROHVP/ RI LQWHUQDO VWDQGDUGV $YDQWL 3RODU /LSLGV G
GHR[\PHWK\OVSKLQJDQLQH P GLK\GURFHUDPLGH G GHR[\GLK\GURFHUDPLGH
P FHUDPLGH G GHR[\FHUDPLGH P JOXFRV\OFHUDPLGH
G VSKLQJRP\HOLQ   SPROHVP/ GVSKLQJRVLQHSKRVSKDWH DQG
 /P/ 63/$6+ /,3,'20,; PDVV VSHF VWDQGDUG $IWHU YRUWH[LQJ WKH VDPSOHV ZHUH
FRQWLQXRXVO\ PL[HG LQ D 7KHUPRPL[HU (SSHQGRUI DW  &  USP IRU  PLQXWHV 3UR
WHLQ SUHFLSLWDWHV ZHUH SHOOHWHG E\ FHQWULIXJDWLRQ DW  [ J IRU  PLQXWHV 6LQJOHSKDVH

&KDSWHU 
VXSHUQDWDQWV ZHUH FROOHFWHG GULHG XQGHU 1 DQG VWRUHG DW í & XQWLO IXUWKHU XVH %HIRUH
DQDO\VLV GULHG OLSLGV ZHUH GLVVROYHG LQ  / PHWKDQRO
/LTXLG FKURPDWRJUDSK\ ZDV SHUIRUPHG XVLQJ D & $FFXFRUH /& FROXPQ 7KHUPR )LVKHU
6FLHQWLILF  PP [  PP [  P ZLWK WKH IROORZLQJ PRELOH SKDVHV  P/PLQ
D DFHWRQLWULOHZDWHU  ZLWK  P0 DPPRQLXP DFHWDWH DQG  IRUPLF DFLG E LVR
SURSDQRODFHWRQLWULOH  ZLWK  P0 DPPRQLXP DFHWDWH DQG  IRUPLF DFLG 7KH
IROORZLQJ JUDGLHQW ZDV DSSOLHG
    PLQXWHV UDPS  D  E
    PLQXWHV UDPS  D  E
    PLQXWHV UDPS  D  E
    PLQXWHV UDPS  D  E
    PLQXWHV UDPS  D  E
    PLQXWHV LVRFUDWLF  D  E
    PLQXWH UDPS  D  E
    PLQXWHV LVRFUDWLF  D  E
/LTXLG FKURPDWRJUDSK\ ZDV FRXSOHG WR D 4 ([DFWLYH +\EULG 4XDGUXSROH2UELWUDS0DVV
6SHFWURPHWHU 7KHUPR 6FLHQWLILF 6DPSOHV ZHUH DQDO\VHG LQ SRVLWLYH DQG QHJDWLYH PRGH
XVLQJ D KHDWHG HOHFWURVSUD\ LRQL]DWLRQ LQWHUIDFH 7KH IROORZLQJ SDUDPHWHUV ZHUH XVHG
VSUD\ YROWDJH  N9 DX[LOLDU\ JDV KHDWHU WHPSHUDWXUH  & VKHDWK JDV IORZ UDWH 
$8 DX[LOLDU\ JDV  $8 FDSLOODU\ WHPSHUDWXUH RI  & 7KH GHWHFWRU ZDV VHW WR DQ 06
PHWKRG XVLQJ D GDWDGHSHQGHQW DFTXLVLWLRQ ZLWK D ³WRS´ DSSURDFK DQG VWHSSHG FROOLVLRQ
HQHUJ\ VHW EHWZHHQ  DQG  $  UHVROXWLRQ ZDV XVHG IRU WKH IXOO VSHFWUXP DQG
D  IRU 06 $ G\QDPLF H[FOXVLRQ ILOWHU ZDV DSSOLHG ZKLFK H[FOXGHV IUDJPHQWDWLRQ
RI WKH VDPH LRQV IRU  VHFRQGV WR SUHYHQW GXSOLFDWLRQ ,GHQWLILFDWLRQ DQG TXDQWLILFDWLRQ
ZDV DFKLHYHG ZLWK WKH IROORZLQJ FULWHULD UHVROXWLRQ DFFXUDF\ RI  SSP IURP WKH SUHGLFWHG
PDVV DW D UHVROYLQJ SRZHU RI  DW  P] LVRWRSLF SDWWHUQ ILWWLQJ WR H[SHFWHG LVRWRSLF
GLVWULEXWLRQ PDWFKLQJ UHWHQWLRQ WLPH RQ V\QWKHWLF VWDQGDUGV LI DYDLODEOH DQG VSHFLILF
IUDJPHQWDWLRQ SDWWHUQV 4XDOLW\ FRQWURO ZDV SHUIRUPHG XVLQJ 7UDFH)LQGHU  7KHUPR
)LVKHU 6FLHQWLILF IRU SHDN SLFNLQJ DQG PDWFKLQJ WR DQ LQKRXVH OLSLG GDWDEDVH

&KDSWHU 
 'DWD QRUPDOLVDWLRQ DQG DQDO\VLV
'DWD ZHUH QRUPDOLVHG WR WKH QXPEHU RI FRYHUVOLSV XVHG DQG WKH DYHUDJH WRWDO FHOO GHQVLW\ SHU
FRYHUVOLS SHU H[SHULPHQWDO FRQGLWLRQ REWDLQHG SUHYLRXVO\ IURP FHOO GHQVLW\ TXDQWLILFDWLRQ
7KH GDWD XVHG DUH VKRZQ LQ )LJXUHV 6 DQG 6
$QDO\VHV ZHUH SHUIRUPHG E\ XVLQJ WKH DYHUDJH OLSLG TXDQWLW\ SHU OLSLG VSHFLHV RI 
WHFKQLFDO UHSHDWV SHU FRQGLWLRQ DQG FRPSDUHG XVLQJ D 6WXGHQW¶V WWHVW WZRWDLOHG SDLUHG
)ROG FKDQJHV ZHUH FDOFXODWHG XVLQJ WKH ORJ IXQFWLRQ RQ WKH DYHUDJH RI  ELRORJLFDO UHSHDWV
SHU OLSLG VSHFLHV SHU FRQGLWLRQ /LSLG VSHFLHV ZLWK D IROG FKDQJH RI PRUH WKDQ  DQG D S
YDOXH <  ZHUH FRQVLGHUHG VLJQLILFDQWO\ FKDQJHG
 6WDWLVWLFDO DQDO\VHV DQG SUHVHQWDWLRQ RI GDWD
6WDWLVWLFDO DQDO\VHV DQG PRVW SUHVHQWDWLRQ RI GDWD ZHUH SHUIRUPHG XVLQJ *UDSK3DG 3ULVP
 VRIWZDUH *UDSK3DG 6RIWZDUH &DOLIRUQLD 86$ 9ROFDQR SORWV ZHUH JHQHUDWHG XVLQJ
9ROFD1RVH5 *RHGKDUW DQG /XLMVWHUEXUJ  %DU DQG VFDWWHU JUDSKV VKRZ HUURU EDUV
UHSUHVHQWLQJ WKH VWDQGDUG HUURU RI WKH PHDQ 6(0 6RPH GDWD DUH SUHVHQWHG RQ 6XSHU3ORWV
/RUG HW DO  VKRZLQJ PHDQ YDOXHV IURP LQGHSHQGHQW ELRORJLFDO UHSOLFDWHV ± 6(0
RYHUODLG RQ WKH UDZ GDWD ZKLFK DUH FRORXUFRGHG SHU H[SHULPHQW
'DWD VHWV ZHUH DVVXPHG QRUPDOO\ GLVWULEXWHG $ S YDOXH <  ZDV XVHG WR GHQRWH
VWDWLVWLFDO VLJQLILFDQFH :KHUH VWDWHG 5287 DQDO\VLV ZDV DSSOLHG WR UHPRYH RXWOLHUV LQ
GDWDVHWV DW D PD[LPXP IDOVH GLVFRYHU\ UDWH RI  6WDWLVWLFDO WHVWV DSSOLHG DQG WKH QXPEHU
RI ELRORJLFDO UHSOLFDWHV REWDLQHG DUH VWDWHG LQ ILJXUH OHJHQGV
$ ELRORJLFDO UHSOLFDWH LV GHILQHG DV DQ LQGHSHQGHQW FHOO FXOWXUH JHQHUDWHG E\ SRROLQJ DQLPDOV
IURP RQH RU PRUH OLWWHUV ,Q VRPH FDVHV WKUHH ELRORJLFDO UHSOLFDWHV ZHUH REWDLQHG IURP WKH
FXOWXUH RI VLQJOH VSLQDO FRUGV WDNHQ IURP SXSV ERUQ LQ WZR LQGHSHQGHQW OLWWHUV

&KDSWHU 
$Q LQ YLWUR PRGHO RI HDUO\ P\HOLQDWLQJ
VSLQDO FRUG ZKLWH PDWWHU JOLD
&KDSWHU 
 ,QWURGXFWLRQ
,Q WKH GHYHORSLQJ EUDLQ (02/V DUH SDUWLFXODUO\ YXOQHUDEOH WR K\SR[LDLVFKDHPLD DV RE
VHUYHG LQ 39/ DQG DVVRFLDWHG GLVHDVH PRGHOV )ROOHWW HW DO  )ROOHWW HW DO 
&RQYHUVHO\ LQ D PXULQH PRGHO RI 60$ P\HOLQDWLRQ RI WKH VSLQDO FRUG SURFHHGV QRUPDOO\
2¶0HDUD HW DO  GHVSLWH ZLGHVSUHDG WLVVXH K\SR[LD  LQFOXGLQJ LQ WKH VSLQDO FRUG
6RPHUV HW DO  +HUQDQGH]*HUH] HW DO  7KLV UDLVHV WKH SRVVLELOLW\ WKDW VSLQDO
FRUG (02/V DUH PRUH UHVLVWDQW WR K\SR[LD WKDQ WKRVH LQ WKH EUDLQ &HUWDLQO\ WKHUH LV LQ
FUHDVLQJ UHFRJQLWLRQ WKDW EUDLQ DQG VSLQDO FRUG ROLJRGHQGURJOLD KDYH GLVWLQFW WUDQVFULSWLRQDO
DQG SKHQRW\SLF SURSHUWLHV &KHQ HW DO  %HFKOHU HW DO  )ORULGGLD HW DO 
7KH UHFHQWO\ LGHQWLILHG (02/VSHFLILF PDUNHU %&$6 UHSRUWHG LQ PXULQH DQG KXPDQ EUDLQ
SHUPLWV WKH VHOHFWLYH VWXG\ RI WKLV SRSXODWLRQ )DUG HW DO  KRZHYHU LW KDV QRW WR
RXU NQRZOHGJH EHHQ FKDUDFWHULVHG LQ VSLQDO FRUG $IWHU FRQILUPLQJ LW ODEHOV (02/V LQ WKH
HDUO\ SRVWQDWDO VSLQDO FRUG ZH JHQHUDWHG FHOO FXOWXUHV IURP WKLV WLVVXH DQG FKDUDFWHULVHG
WKHP DV D PRGHO RI HDUO\ P\HOLQDWLQJ VSLQDO FRUG ZKLWH PDWWHU JOLD 7KLV FHOO FXOWXUH V\VWHP
ODFNV QHXURQDO VRPD WR L PLPLF VSLQDO FRUG ZKLWH PDWWHU ZKLFK FRQWDLQV IHZ QHXURQDO
VRPD LL SUHFOXGH WKH FRQIRXQGLQJ HIIHFWV RI QHXURQDO GHDWK DQ LQHYLWDEOH RXWFRPH RI WKH
HQHUJ\ GHSULYDWLRQ FRQGLWLRQV ZH DLPHG WR WHVW
1HRQDWDO 3 PRXVH VSLQDO FRUG KDV EHHQ XVHG SUHYLRXVO\ WR HVWDEOLVK PL[HG JOLDO
FXOWXUHV 7KRPVRQ HW DO  *RHEEHOV HW DO  EXW WKH FHOOXODU FRPSRVLWLRQ KDV
QRW EHHQ FKDUDFWHUL]HG 7KHUHIRUH WKH RYHUDOO DLP RI WKLV FKDSWHU ZDV WR FKDUDFWHULVH
WKLV PL[HG JOLDO FXOWXUH V\VWHP IRU XVH DV D PRGHO WR VWXG\ WKH VXVFHSWLELOLW\ RI VSLQDO FRUG
(02/V WR FRPSRQHQWV RI WKH K\SR[LF HQYLURQPHQW 7KH VSHFLILF DLPV ZHUH WR
L 'HWHUPLQH LI %&$6 LV H[SUHVVHG E\ (02/V LQ WKH QHRQDWDO PRXVH VSLQDO FRUG DQG
FRQILUP WKLV SRSXODWLRQ FDQ EH UHWDLQHG LQ SULPDU\ FHOO FXOWXUH
LL 6\VWHPDWLFDOO\ FKDUDFWHULVH WKH FHOOXODU FRPSRVLWLRQ RI QHRQDWDO PRXVH VSLQDO FRUG
PL[HG JOLDO FHOO FXOWXUHV DW SODWLQJ DQG DIWHU  GD\V
LLL 'HWHUPLQH WKH PHWDEROLF SDWKZD\V WKDW FDQ EH XVHG IRU HQHUJ\ SURGXFWLRQ DVVHVVHG
LQ WHUPV RI FHOO VXUYLYDO E\ VSLQDO FRUG PL[HG JOLD
LY ([DPLQH WKH UHVSRQVH RI VSLQDO FRUG (02/V WR WUDQVLHQW R[\JHQ GHSULYDWLRQ

&KDSWHU 
0XFK RI WKH GDWD SUHVHQWHG LQ WKLV FKDSWHU DUH TXDOLWDWLYH DV LWV SXUSRVH ZDV WR GHWHUPLQH
SDUDPHWHUV IRU V\VWHPDWLF HYDOXDWLRQ LQ VXEVHTXHQW FKDSWHUV
 %&$6 (02/V DUH SUHVHQW LQ PRXVH QHRQDWDO
VSLQDO FRUG
0\HOLQDWLRQ LQ PRXVH EHJLQV DSSUR[LPDWHO\  GD\ EHIRUH ELUWK LQ WKH YHQWUDO FROXPQV RI WKH
FHUYLFDO VSLQDO FRUG DQG SHDNV DURXQG 3 )RUDQ DQG 3HWHUVRQ  :H FRQILUPHG
%&$6 (02/V ZHUH SUHVHQW LQ FHUYLFDO DQG OXPEDU VSLQDO FRUG RI 3 PLFH XVLQJ LPPXQR
VWDLQLQJ )LJXUH  %&$6 VRPD ZHUH SUHVHQW LQ ³ZKLWH PDWWHU´ DUHDV DQG %&$6
P\HOLQ VKHDWKV IUHTXHQWO\ FRORFDOLVHG ZLWK &13 )LJXUH  E F ,Q FRQWUDVW %&$6
FHOOV ZHUH LQIUHTXHQW LQ 3 VSLQDO FRUG ZKLFK XQOLNH 3 FRUG ZDV KHDYLO\ VWDLQHG ZLWK
DQWL0%3 )LJXUH  DF 6RPH %&$6 FHOO VRPD LQ 3 FRUG ZHUH DOVR SRVLWLYH IRU &&
D PDUNHU RI HDUO\ P\HOLQDWLQJ DQG PDWXUH ROLJRGHQGURF\WHV )LJXUH  F
%\ HOHFWURQ PLFURVFRS\ RI 3 VSLQDO FRUG ³ZKLWH PDWWHU´ ZH LGHQWLILHG FHOOV ZLWK D GDUN
F\WRSODVP ZUDSSLQJ VPDOO QXPEHUV RI DGMDFHQW D[RQV ZLWK WKLQ FRPSDFW P\HOLQ 7KH
F\WRSODVP RI WKHVH FHOOV ZDV ULFK LQ PLWRFKRQGULD )LJXUH  :H FRQFOXGHG WKHVH DUH
OLNHO\ WKH %&$6 (02/V VHHQ E\ LPPXQRKLVWRFKHPLVWU\
,Q VXPPDU\ RXU REVHUYDWLRQV FRQILUPHG WKDW %&$6 LV D PDUNHU RI (02/V LQ QHRQDWDO































)LJXUH  _ 3RVWQDWDO GD\  PRXVH VSLQDO FRUG FRQWDLQV %&$6 ROLJRGHQGURJOLD LQ
IXWXUH ZKLWH PDWWHU DUHDV )LJXUH OHJHQG FRQWLQXHV RQ WKH QH[W SDJH

&KDSWHU 
)LJXUH  _ &RQW ,OOXVWUDWLYH LPDJHV RI VSLQDO FRUG VHFWLRQV WDNHQ IURP 3 DQG 3
&%/ PLFH D 0RXVH FHUYLFDO DQG OXPEDU VSLQDO FRUG DW 3 FRQWDLQV %&$6 (02/V
JUHHQ DV P\HOLQDWLRQ SURFHHGV 0%3 PDJHQWD 0RVW && SRVLWLYH ROLJRGHQGURF\WHV
EOXH DUH REVHUYHG LQ ZKLWH PDWWHU UHJLRQV 3 PRXVH VSLQDO FRUG KDV YHU\ IHZ %&$6
FHOOV EXW LV DEXQGDQW LQ 0%3 0DWXUH ROLJRGHQGURF\WHV && DSSHDU HTXDOO\ GLVWULEXWHG
DFURVV WKH VHFWLRQ 6FDOH EDUV   P 6TXDUHV GHQRWH KLJK PDJQLILFDWLRQ DUHDV YHQWUDO
KRUQV VKRZQ LQ E DQG F ZKHUH VRPH RYHUODS RI %&$6 DQG &13 LV REVHUYHG LQ 3
FRUG )HZ %&$6 FHOOV DUH REVHUYHG LQ 3 FRUG $OO WLVVXHV ZHUH LPPXQRVWDLQHG DW WKH
VDPH WLPH DQG GLJLWDOO\ HQKDQFHG LGHQWLFDOO\ ,PDJHV IURP WKH REVHUYDWLRQ RI RQH DQLPDO RI
HDFK DJH 6FDOH EDU   P

&KDSWHU 
)LJXUH  _ 3RVWQDWDO GD\  PRXVH VSLQDO FRUG FRQWDLQV (02/V ULFK LQ PLWRFKRQGULD
(OHFWURQ PLFURJUDSKV ZLWK SVHXGRFRORXU RYHUOD\ VKRZLQJ (02/ F\WRSODVP RUDQJH ULFK LQ
PLWRFKRQGULD JUHHQ LQ FHUYLFDO VSLQDO FRUG 6RPH QHDUE\ D[RQV SXUSOH DUH VXUURXQGHG
E\ WKLQ FRPSDFW P\HOLQ DUURZV &HOO QXFOHL LQ EOXH 6FDOH EDU   P

&KDSWHU 
 &HOO FXOWXUH RI VSLQDO FRUG %&$6 (02/V DQG JOLD
1H[W ZH GHWHUPLQHG WKH FRPSRVLWLRQ RI PL[HG JOLDO FHOO FXOWXUHV JHQHUDWHG IURP 3
PRXVH VSLQDO FRUG &XOWXUHV ZHUH HVWDEOLVKHG LQ VHUXPULFK PHGLD IRU DSSUR[LPDWHO\ 
KRXUV WKHQ PDLQWDLQHG IRU  GD\V LQ '0(0EDVHG VHUXPIUHH PHGLD '0 ZLWKRXW S\UXYDWH
RU JOXWDPLQH VXSSOHPHQWHG ZLWK  P0 JOXFRVH
$W WLPH]HUR W DQG SOXV  GD\V WG FXOWXUHV FRQWDLQHG LQ GHFUHDVLQJ SURSRUWLRQV
ROLJRGHQGURJOLD 2OLJ LQFOXGLQJ 23&V 1* DVWURF\WHV *)$3 DQG PLFURJOLD &'
)LJXUH  DG EXW ZHUH ODUJHO\ GHYRLG RI QHXURQDO FHOO ERGLHV 1HX1 )LJXUH  H DQG
)LJXUH  DG 1RWDEO\ P\HOLQ GHEULV ZDV SUHVHQW DW ERWK W DQG WG DSSHDULQJ WR KDYH
DGKHUHG WR WKH FRYHUVOLSV DW WKH WLPH RI SODWLQJ )LJXUH 6
:LWKLQ WKH 2OLJ SRSXODWLRQ DW W  ZHUH 1*  ZHUH %&$6 DQG  ZHUH
&13 $W WG WKHVH YDOXHV ZHUH   DQG  UHVSHFWLYHO\ )LJXUH  HJ $W
ERWK WLPH SRLQWV DOPRVW DOO &13 FHOOV ZHUH %&$6 )LJXUH  I J )LJXUH  K &13
FHOOV ZHUH ULFK LQ PLWRFKRQGULD )LJXUH  K LQFUHDVHG LQ VL]H RYHU WLPH DQG H[SUHVVHG
WKH PDMRU P\HOLQ SURWHLQV 3/3 DQG 0%3 DW ERWK WLPH SRLQWV )LJXUH 
([SUHVVLRQ RI &13 LQ %&$6 ROLJRGHQGURF\WHV LV D FRQILUPDWRU\ PDUNHU RI P\HOLQDWLRQ
*LYHQ WKDW DOPRVW DOO &13 ROLJRGHQGURF\WHV ZHUH DOVR %&$6 ZH LQVWHDG XVHG &13 DV
D PDUNHU RI (02/V LQ VXEVHTXHQW H[SHULPHQWV
,Q VXPPDU\ 3 PRXVH VSLQDO FRUG FXOWXUHV DUH HQULFKHG LQ %&$6 (02/V FRQWDLQ
DOO RWKHU PDMRU QHXURJOLD EXW DOPRVW FRPSOHWHO\ ODFN QHXURQV PDNLQJ WKHP D XVHIXO WRRO WR















CNP Mitotracker Merge DAPIh
)LJXUH  _ 0RXVH VSLQDO FRUG PL[HG JOLDO FXOWXUHV FRQWDLQ %&$6 &13 (02/V
,OOXVWUDWLYH LPPXQRIOXRUHVFHQFH LPDJHV RI PL[HG JOLDO FXOWXUHV JURZQ DW W DQG DIWHU 
GD\V LQ '0 VXSSOHPHQWHG ZLWK  P0 JOXFRVH WG &XOWXUHV FRQWDLQHG D ROLJRGHQGURJOLD
2OLJ LQFOXGLQJ E1* 23&V F DVWURF\WHV *)$3 G DQGPLFURJOLD &' H EXW
YHU\ IHZ QHXURQDO FHOO ERGLHV 1HX1 ,QVHWV VKRZ KLJKHU PDJQLILFDWLRQ YLHZV 6FDOH EDU
  P I J 1HDUO\ DOO &13 FHOOV ZHUH %&$6 2OLJ ZKLWH DUURZV ,QVHWV LOOXVWUDWH
WKDW FXOWXUHV FRQWDLQHG %&$6 \HOORZ DUURZV DQG %&$6 &13 ROLJRGHQGURJOLD ZKLWH
DUURZV 6FDOH EDU   P K %&$6 &13 (02/V FRQWDLQHG PDQ\ PLWRFKRQGULD
WKDW DSSHDUHG URXQG RU HORQJDWHG 6FDOH EDU   P 2EVHUYDWLRQV UHSUHVHQWDWLYH RI 




















































































































































)LJXUH  _ 0RXVH VSLQDO FRUG PL[HG JOLDO FXOWXUHV DUH SDUWLFXODUO\ HQULFKHG LQ
ROLJRGHQGURJOLD LQFOXGLQJ %&$6 &13 (02/V 4XDQWLILFDWLRQ RI FHOO W\SHV SUHVHQW LQ
FXOWXUHV JURZQ DW W DQG DIWHU  GD\V WG LQ '0 VXSSOHPHQWHG ZLWK  P0 JOXFRVH 'DWD
DUH H[SUHVVHG DV D SHUFHQWDJH RI DOO '$3, FHOOV D 2OLJ ROLJRGHQGURJOLD E *)$3
DVWURF\WHV F &' PLFURJOLD DQG G 1HX1 QHXURQV :LWKLQ WKH 2OLJ SRSXODWLRQ
WKHUH ZHUH H 1* 23&V DV ZHOO DV I %&$6 DQG J &13 FHOOV K $OPRVW DOO &13
ROLJRGHQGURF\WHV ZHUH %&$6 7LPH SRLQWV ZHUH FRPSDUHG XVLQJ DQ XQSDLUHG WZRZD\
6WXGHQW¶V WWHVW   S <    S <  'DWD ZHUH REWDLQHG IURP  ELRORJLFDO UHSHDWV











DAPI CNP MBP Merge
DAPI CNP PLP Merge
)LJXUH  _ 6SLQDO FRUG (02/V JURZ RYHU  ',9 DQG H[SUHVV P\HOLQ SURWHLQV ,OOXV
WUDWLYH LPPXQRIOXRUHVFHQFH LPDJHV RI (02/V LQ PL[HG JOLDO FXOWXUHV DW W DQG DIWHU  GD\V
LQ '0 VXSSOHPHQWHG ZLWK  P0 JOXFRVH WG &HOO QXFOHL DUH ODEHOOHG ZLWK '$3, EOXH
(02/V LQ FXOWXUH LQFUHDVH LQ VL]H DQG H[SUHVV PDMRU P\HOLQ SURWHLQV VXFK DV &13 JUHHQ
D 3/3 DQG E 0%3 SXUSOH 5HSUHVHQWDWLYH LPDJHV IURP D VLQJOH H[SHULPHQW 6FDOH EDU
  P $EEUHYLDWLRQV '0 '0(0EDVHG PHGLD

&KDSWHU 
 6SLQDO FRUG (02/V DUH QRW DFXWHO\ VHQVLWLYH WR
2;3+26 LQKLELWLRQ
2OLJRGHQGURJOLDO PHWDEROLVP FKDQJHV ZLWK PDWXUDWLRQ 23&V DUH FRQVLGHUHG R[LGDWLYH
DQG SRVWP\HOLQDWLRQ FHOOV JO\FRO\WLF 7KH PHWDEROLF FKDUDFWHULVWLFV RI VSLQDO FRUG (02/V
KDYH QRW EHHQ GHVFULEHG 7R GHWHUPLQH WKH PHWDEROLF SDWKZD\V DYDLODEOH IRU HQHUJ\
SURGXFWLRQ PL[HG JOLD ZHUH PDLQWDLQHG LQ '0 VXSSOHPHQWHG ZLWK  P0 JOXFRVH DQG FHOO
VXUYLYDO ZDV DVVHVVHG IROORZLQJ SKDUPDFRORJLFDO PDQLSXODWLRQ ZLWK LRGRDFHWDWH ,$ ZKLFK
LQKLELWV JO\FRO\VLV DW WKH OHYHO RI *$3'+ 6DEUL DQG 2FKV  RU D]LGH $= ZKLFK
EORFNV 2;3+26 DW F\WRFKURPH R[LGDVH R[\JHQUHTXLULQJ VWHS DQG LQGXFHV ³FKHPLFDO
K\SR[LD´ 6ZDQVRQ  $V D QRQSKDUPDFRORJLFDO LQKLELWRU RI JO\FRO\VLV VRPH FHOOV
ZHUH FXOWXUHG LQ XQVXSSOHPHQWHG '0  P0 JOXFRVH DOVR ODFNLQJ S\UXYDWH DQG JOXWDPLQH
)LYH KRXUV DIWHU FXOWXUH LQ XQVXSSOHPHQWHG '0 (02/V &13 DQG DVWURF\WHV *)$3
DSSHDUHG XQDIIHFWHG FRPSDUHG WR FRQWUROV JURZQ LQ  P0 JOXFRVHVXSSOHPHQWHG '0
)LJXUH  D +RZHYHU LQ FXOWXUHV WUHDWHG IRU  KRXUV ZLWK  P0 ,$ WKHUH DSSHDUHG WR
EH D UHGXFWLRQ LQ '$3, FHOOV RYHUDOO $VWURF\WHV DSSHDUHG SDUWLFXODUO\ VHQVLWLYH KDYLQJ
DEQRUPDO PRUSKRORJ\ DQG S\NQRWLF QXFOHL )LJXUH  E ,Q FRQWUDVW (02/V DSSHDUHG
QRUPDO ,Q FXOWXUHV WUHDWHG ZLWK  P0 $= IRU  KRXUV QHLWKHU (02/V QRU DVWURF\WHV
DSSHDUHG DOWHUHG FRPSDUHG WR FRQWUROV DQG RYHUDOO FHOO GHQVLWLHV DSSHDUHG XQDIIHFWHG
)LJXUH  F :KHQ ERWK JO\FRO\VLV DQG 2;3+26 ZHUH LQKLELWHG SKDUPDFRORJLFDOO\ '$3,
FHOO GHQVLWLHV DSSHDUHG UHGXFHG DQG ERWK (02/V DQG DVWURF\WHV DSSHDUHG PRUSKRORJLFDOO\
DEQRUPDO ZLWK S\NQRWLF QXFOHL )LJXUH  G
6XUSULVLQJO\  KRXUV DIWHU FXOWXULQJ FHOOV LQ XQVXSSOHPHQWHG '0 (02/V DQG DVWURF\WHV
VWLOO DSSHDUHG XQDIIHFWHG )LJXUH  D +RZHYHU  KRXUV LQKLELWLRQ RI JO\FRO\VLV E\ ,$ RU
2;3+26 E\ $= UHVXOWHG LQ D UHGXFWLRQ RI '$3, QXFOHL RYHUDOO DQG WKH ORVV RI (02/V DQG
DVWURF\WHV )LJXUH  E F 3KDUPDFRORJLFDO LQKLELWLRQ RI ERWK SDWKZD\V UHVXOWHG LQ WKH
ORVV RI DOO FHOOV DQG GLVLQWHJUDWLRQ RI QXFOHL )LJXUH  G
/'+ UHOHDVH DVVD\ DW  KRXUV DIWHU HDFK RI WKH WKUHH SKDUPDFRORJLFDO WUHDWPHQWV LQGLFDWHG
DQ DEVHQFH RI WKH HQ]\PH DW WKLV WLPH SRLQW 7KLV UHVXOW FDQ EH LQWHUSUHWHG LQ WZR ZD\V L
DOO FHOOV DUH YLDEOH RU LL DOO FHOOV DUH DOUHDG\ GHDG DQG SUHYLRXVO\ UHOHDVHG DOO DYDLODEOH

&KDSWHU 
/'+ WKDW KDV VLQFH GHJUDGHG &OHDUO\ JLYHQ WKH PRUSKRORJLFDO VLJQV WKH ODWWHU LV WUXH LQ
WKLV FDVH ,Q FRQWUDVW WKH DVVD\ GHWHFWHG UHOHDVH RI /'+ LQ ERWK FRQWURO  P0 JOXFRVH
DQG  P0 JOXFRVH WUHDWPHQWV SUHVXPDEO\ IURP FHOO WXUQRYHU )LJXUH 
*LYHQ WKH DSSDUHQW VXUYLYDO RI FHOOV IROORZLQJ  KRXUV LQ XQVXSSOHPHQWHG '0 ZH LQFUHDVHG
WKH FXOWXUH WLPH WR  KRXUV 7R RXU VXUSULVH WKLV GLG QRW DSSHDU WR DGYHUVHO\ DIIHFW '$3,
(02/ RU DVWURF\WH GHQVLWLHV FRPSDUHG WR WKRVH LQ  P0 JOXFRVH '0 )LJXUH  H
7KHVH GDWD VXJJHVW WKDW VSLQDO FRUG (02/V FDQ DOWHUQDWLYHO\ XWLOLVH JO\FRO\VLV RU 2;3+26
IRU HQHUJ\ SURGXFWLRQ DW OHDVW IRU  KRXUV $GGLWLRQDOO\ ERWK (02/V DQG DVWURF\WHV
DSSHDUHG UHVLVWDQW WR VKRUWWHUP  KRXUV FKHPLFDO K\SR[LD E\ $= WUHDWPHQW 6XUYLYDO RI





















a DAPI CNP GFAP Merge DAPI CNP DAPI GFAP
Overview High magnification
)LJXUH  _ 3KDUPDFRORJLFDO LQKLELWLRQ RI JO\FRO\VLV IRU  KRXUV GRHV QRW DSSHDU WR
DIIHFW (02/V EXW LV GHWULPHQWDO WR DVWURF\WHV ZKHUHDV ERWK DSSHDU UHVLVWDQW WR 
KRXUV R[LGDWLYH SKRVSKRU\ODWLRQ LQKLELWLRQ ,OOXVWUDWLYH LPPXQRIOXRUHVFHQFH LPDJHV
RI PL[HG JOLDO FXOWXUHV  KRXUV DIWHU WUHDWPHQW D:LWKGUDZDO RI JOXFRVH GLG QRW UHVXOW LQ
FHOO ORVV E $VWURF\WHV PDJHQWD *)$3 ZHUH YXOQHUDEOH WR JO\FRO\VLV LQKLELWLRQ ZLWK 
P0 VRGLXP LRGRDFHWDWH  ,$ F (02/V ZKLWH &13 DQG DVWURF\WHV ZHUH UHVLVWDQW WR
R[LGDWLYH SKRVSKRU\ODWLRQ LQKLELWLRQ E\  P0 VRGLXP D]LGH  $= G %RWK FHOO W\SHV ZHUH
YXOQHUDEOH WR LQKLELWLRQ RI JO\FRO\VLV DQG R[LGDWLYH SKRVSKRU\ODWLRQ DV VKRZQ E\ S\NQRWLF
QXFOHL EOXH '$3, 2EVHUYDWLRQV UHSUHVHQWDWLYH RI  ELRORJLFDO UHSHDWV 6FDOH EDU  
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)LJXUH  _ 3KDUPDFRORJLFDO LQKLELWLRQ RI JO\FRO\VLV DQGRU R[LGDWLYH SKRVSKRU\OD
WLRQ IRU  KRXUV EXW QRW ZLWKGUDZDO RI JOXFRVH IRU  KRXUV LPSDFWV (02/V DQG
DVWURF\WHV ,OOXVWUDWLYH LPPXQRIOXRUHVFHQFH LPDJHV RI PL[HG JOLDO FXOWXUHV  KRXUV DIWHU
WUHDWPHQW D:LWKGUDZDO RI JOXFRVH GLG QRW UHVXOW LQ FHOO ORVV E (02/V ZKLWH &13
DQG DVWURF\WHV PDJHQWD *)$3 ZHUH YXOQHUDEOH WR LQKLELWLRQ RI JO\FRO\VLV ZLWK  P0
VRGLXP LRGRDFHWDWH  ,$ F R[LGDWLYH SKRVSKRU\ODWLRQ ZLWK  P0 VRGLXP D]LGH  $=
G RU ERWK H ([WHQGLQJ JOXFRVH GHSULYDWLRQ WR  KRXUV GLG QRW DSSHDU WR DIIHFW WKH
FXOWXUHV FRPSDUHG WR  P0 JOXFRVH 2EVHUYDWLRQV UHSUHVHQWDWLYH RI  ELRORJLFDO UHSHDWV


































)LJXUH  _ $EVHQFH RI /+' DFWLYLW\ IROORZLQJ  KRXUV SKDUPDFRORJLFDO LQKL
ELWLRQ RI JO\FRO\VLV DQGRU R[LGDWLYH SKRVSKRU\ODWLRQ /'+ UHOHDVH DVVD\ SHU
IRUPHG RQ VXSHUQDWDQWV IURP PL[HG JOLDO FXOWXUHV 7KH RSWLFDO GHQVLW\ YDOXHV ZHUH
VLPLODU IRU FHOOV JURZQ IRU  KRXUV LQ  P0 JOXFRVH FRPSDUHG WR  P0 JOXFRVH $G
GLWLRQ IRU  KRXUV RI  P0 VRGLXP LRGRDFHWDWH LQKLELWRU RI JO\FRO\VLV  ,$  P0
VRGLXP D]LGH LQKLELWRU RI R[LGDWLYH SKRVSKRU\ODWLRQ  $= RU ERWK UHVXOWHG LQ YLUWX
DOO\ QR GHWHFWHG /'+ YDOXHV QHDU EDFNJURXQG OHYHOV 0HGLDRQO\ YDOXHV ZHUH VXE
WUDFWHG IURP VDPSOH UHDGLQJV 'DWD ZHUH FRPSDUHG WR WKH  P0 XQWUHDWHG FRQWURO XV
LQJ DQ XQSDLUHG RQHZD\ $129$ ZLWK 'XQQHWW¶V PXOWLSOH FRPSDULVRQ WHVW   S < 
'DWD ZHUH REWDLQHG IURP  ELRORJLFDO UHSHDWV

&KDSWHU 
 (02/V DQG DVWURF\WHV DUH QRW VHQVLWLYH WR K\SR[LD
SHU VH
7KH UHVXOWV GHVFULEHG LQ WKH SUHYLRXV VHFWLRQ VXJJHVW WKDW VSLQDO FRUG JOLD DUH QRW VXVFHSWLEOH
WR  KRXUV RI ³FKHPLFDO K\SR[LD´ EXW DUH YXOQHUDEOH DW  KRXUV +RZHYHU SKDUPDFRORJLFDO
LQKLELWRUV FDQ FDXVH F\WRWR[LFLW\ E\ LQGLUHFW PHFKDQLVPV VXFK DV WKH DFFXPXODWLRQ RI XS
VWUHDP PHWDEROLF VXEVWUDWHV 7R IXUWKHU H[SORUH ZKHWKHU VSLQDO FRUG (02/V DUH YXOQHUDEOH
WR R[\JHQ GHSULYDWLRQ ZH PDLQWDLQHG FHOOV LQ D  1 &2  R[\JHQ DWPRVSKHUH
IRU  KRXUV LQ  P0 JOXFRVH '0 6RPH FHOOV ZHUH VXEMHFWHG WR R[\JHQJOXFRVH GHSULYDWLRQ
2*' WR PLPLF LVFKDHPLD DQG VRPH ZHUH VXEVHTXHQWO\ UHWXUQHG WR DWPRVSKHULF R[\JHQ
IRU  KRXUV WR PLPLF UHSHUIXVLRQ
)LUVW ZH H[DPLQHG ZKHWKHU  KRXUV H[SHULPHQWDO K\SR[LD OHG WR DFLGLILFDWLRQ E\ REVHUYLQJ
WKH FRORXU RI SKHQRO UHGVXSSOHPHQWHG PHGLD 0HGLD LQ ZKLFK FHOOGHQVH ³P\HOLQDWLQJ
FXOWXUHV´ ZHUH PDLQWDLQHG WXUQHG \HOORZ LQGLFDWLQJ DFLGLILFDWLRQ DQG VHUYLQJ DV D SRVLWLYH
FRQWURO IRU R[\JHQ GHSULYDWLRQ +RZHYHU PHGLD FRQWDLQLQJ ORZ GHQVLW\ PL[HG JOLD UHPDLQHG
VDOPRQSLQN LQGLFDWLQJ SK\VLRORJLFDO S+ )LJXUH  ,PSRUWDQWO\ WKHVH REVHUYDWLRQV
GHPRQVWUDWH WKDW WKH SURWRFRO PRGHOV K\SR[LD SHU VH LQGHSHQGHQW RI ODFWLF DFLGRVLV ZKLFK
ZH H[SORUH IXUWKHU LQ &KDSWHU 
&RPSDUHG WR FHOOV PDLQWDLQHG XQGHU QRUPR[LD )LJXUH  D (02/V DQG DVWURF\WHV
VXEMHFWHG WR  KRXUV R[\JHQ GHSULYDWLRQ RU 2*' ZLWK RU ZLWKRXW  KRXUV UHSHUIXVLRQ
DSSHDUHG VLPLODU WR FRQWUROV LQ WHUPV RI FHOO GHQVLW\ DQG PRUSKRORJ\ )LJXUH  E F
'HVSLWH WKH QRUPDO DSSHDUDQFH RI (02/V DQG DVWURF\WHV IROORZLQJ WKHVH PDQLSXODWLRQV
/'+ UHOHDVH ZDV VLJQLILFDQWO\ KLJKHU LQ DOO FXOWXUHV H[SRVHG WR R[\JHQ GHSULYDWLRQ FRPSDUHG
WR FRQWUROV )LJXUH  7KLV VXJJHVWV D GHOD\ LQ WKH DSSHDUDQFH RI PRUSKRORJLFDO FKDQJHV
IROORZLQJ F\WRWR[LFLW\ DQGRU WKDW RWKHU FHOO W\SHV FRQWULEXWH WR /'+ UHOHDVH
,Q VXPPDU\ IROORZLQJ  KRXUV RI R[\JHQ GHSULYDWLRQ ZLWK RU ZLWKRXW  KRXUV UHSHUIXVLRQ
(02/ DQG DVWURF\WH FHOO GHQVLWLHV DQG PRUSKRORJ\ GLG QRW DSSHDU PDUNHGO\ DOWHUHG 7KHVH
GDWD VXJJHVW WKDW VSLQDO FRUG (02/V DUH QRW YXOQHUDEOH WR K\SR[LD SHU VH DQG SURYLGH
HYLGHQFH WKH\ UHDGLO\ XVH JO\FRO\VLV IRU VXUYLYDO 8QH[SHFWHGO\ FHOOV DOVR DSSHDUHG UHVLVWDQW
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)LJXUH  _ 0L[HG JOLDO FXOWXUH PHGLD GRHV QRW DFLGLI\ DIWHU  KRXUV LQ DQ R[\JHQ
GHSOHWHG DWPRVSKHUH D ,Q QRUPR[LF FRQGLWLRQV DW  KRXUV FHOO FXOWXUH PHGLD UHPDLQV
VDOPRQSLQN LQGLFDWLQJ WKH S+ LV ZLWKLQ SK\VLRORJLFDO SDUDPHWHUV E $IWHU  KRXUV LQ
DQ R[\JHQGHSULYHG DWPRVSKHUH WKHUH ZDV QR DFLGLILFDWLRQ RI WKH PL[HG JOLDO FXOWXUH
PHGLD HLWKHU ZLWK RU ZLWKRXW JOXFRVH 7KH FHOO FXOWXUH PHGLD LQ ZKLFK P\HOLQDWLQJ FXO
WXUHV ',9  SRVLWLYH FRQWURO ZHUH PDLQWDLQHG DSSHDUHG \HOORZ LQGLFDWLQJ DFLGLILFDWLRQ














































DAPI CNP GFAP Merge DAPI CNP DAPI GFAP
Overview High magnification
)LJXUH  _ $FXWH R[\JHQ GHSULYDWLRQ DQG VXEVHTXHQW UHSHUIXVLRQ GRHV QRW DSSHDU
WR LPSDFW (02/V DQG DVWURF\WHV ,OOXVWUDWLYH LPPXQRIOXRUHVFHQFH LPDJHV RI PL[HG JOLDO
FXOWXUHV &RPSDUHG WR FRQWURO FXOWXUHV D FHOOV PDLQWDLQHG LQ D  R[\JHQ DWPRVSKHUH
DQR[LD GLG QRW DSSHDU PDUNHGO\ DOWHUHG DW  KRXUV E (02/V ZKLWH &13 DQG
DVWURF\WHV PDJHQWD *)$3 GLG QRW VKRZ VLJQV RI QXFOHDU S\NQRVLV EOXH '$3, F &HOOV
FXOWXUHG LQ DQR[LD IRU  KRXUV WKHQ UHWXUQHG WR DWPRVSKHULF R[\JHQ IRU  KRXUV UHSHU
IXVLRQ GLG QRW DSSHDU PDUNHGO\ DOWHUHG DQG KDG QR VLJQV RI LQFUHDVHG QXFOHDU S\NQRVLV
FRPSDUHG WR QRUPR[LD ILJ D 2EVHUYDWLRQV UHSUHVHQWDWLYH RI  ELRORJLFDO UHSHDWV 6FDOH

































)LJXUH  _ $QR[LDLQGXFHG F\WRWR[LFLW\ LQ PL[HG JOLDO FXOWXUHV LV HQKDQFHG E\
JOXFRVH GHSULYDWLRQ /'+ UHOHDVH DVVD\ SHUIRUPHG RQ VXSHUQDWDQWV IURP PL[HG JOLDO
FXOWXUHV &XOWXUHV VXEMHFWHG WR  KRXUV DQR[LD ZLWK 5 RU ZLWKRXW UHSHUIXVLRQ KDG VLJQLI
LFDQWO\ PRUH /'+ UHOHDVH FRPSDUHG WR FXOWXUHV PDLQWDLQHG LQ QRUPR[LD 0HGLDRQO\ YDOXHV
ZHUH VXEWUDFWHG IURP VDPSOH UHDGLQJV 'DWD ZHUH FRPSDUHG WR  P0 JOXFRVH QRUPR[LD
 KRXUV XVLQJ D WZRZD\ $129$ ZLWK 'XQQHWW¶V PXOWLSOH FRPSDULVRQ WHVW   S < 




,Q WKLV FKDSWHU ZH VKRZHG WKDW PRXVH QHRQDWDO VSLQDO FRUG LV ULFK LQ %&$6 FHOOV D
QRYHO PDUNHU RI (02/V DQG WKDW WKLV SRSXODWLRQ FDQ EH FXOWXUHG DORQJVLGH DVWURF\WHV DQG
PLFURJOLD DV D PRGHO RI VSLQDO FRUG ZKLWH PDWWHU JOLD ,Q WKH DEVHQFH RI QHXURQV ZKLFK DUH
SDUWLFXODUO\ YXOQHUDEOH WR K\SR[LDLVFKDHPLD RXU PRGHO DOORZV XV WR H[DPLQH WKH LQWULQVLF
UHVSRQVHV RI JOLDO FHOOV DNLQ WR WKH VLWXDWLRQ LQ ZKLWH PDWWHU ZKLFK ODFNV QHXURQDO FHOO ERGLHV
8VLQJ WKLV PRGHO ZH SURYLGHG HYLGHQFH WKDW (02/V FDQ DOWHUQDWLYHO\ XVH JO\FRO\VLV RU
2;3+26 ZLWK RQH SDWKZD\ DEOH WR VXVWDLQ VXUYLYDO IRU  KRXUV ZKHQ WKH RWKHU LV EORFNHG
)XUWKHUPRUH (02/V DSSHDUHG WR WROHUDWH  KRXUV RI K\SR[LD SHU VH FRQILUPLQJ WKDW
JO\FRO\VLV DORQH FDQ VXSSRUW VXUYLYDO 8QH[SHFWHGO\ (02/V DSSHDUHG WROHUDQW DOVR WR 
KRXUV 2*' $W IDFH YDOXH WKH ODVW RI WKHVH REVHUYDWLRQV VXJJHVWV WKH FHOO VXUYLYDO DVVD\ LV
LQVXIILFLHQWO\ VHQVLWLYH WR GHWHFW FHOO GHDWK KRZHYHU ZH GLVFXVV IXUWKHU EHORZ WKH OLNHOLKRRG
WKDW R[\JHQ GHSULYDWLRQ ZDV LQFRPSOHWH
7KH UHFHQW REVHUYDWLRQ RI %&$6 H[SUHVVLRQ LQ EUDLQ (02/V GXULQJ GHYHORSPHQW DQG
UHP\HOLQDWLRQ SHUPLWV WKH VSHFLILF YLVXDO LGHQWLILFDWLRQ RI HDUO\ DFWLYHO\ P\HOLQDWLQJ ROLJR
GHQGURF\WHV )DUG HW DO  3UHYLRXVO\ RQO\ 23&V DQG PDWXUH ROLJRGHQGURF\WHV FRXOG
EH XQHTXLYRFDOO\ GLVWLQJXLVKHG XVLQJ PDWXUDWLRQVSHFLILF PDUNHUV :H REVHUYHG VHYHUDO
IHDWXUHV RI VSLQDO FRUG %&$6 FHOOV VKDUHG ZLWK WKRVH LQ WKH QHRQDWDO EUDLQ )LUVW 3
PRXVH VSLQDO FRUG LV ULFK LQ %&$6 ROLJRGHQGURJOLD LQ IXWXUH ZKLWH PDWWHU DUHDV DQG WKDW
WKHVH FHOOV GHFUHDVHG ZLWK DJH DQG 0%3 H[SUHVVLRQ 6HFRQG VRPH && %&$6 FHOOV
IRUPHG HDUO\ LQWHUQRGHV 7KXV %&$6 LV DOVR D WUDQVLHQW PDUNHU RI (02/V GXULQJ P\HOL
QDWLRQ LQ WKH PRXVH VSLQDO FRUG 7KHVH ILQGLQJV SURYLGH DQ RSHQLQJ IRU IXUWKHU UHVHDUFK
H[DPLQLQJ WKH VSHFLILF YXOQHUDELOLWLHV RI (02/V LQ YLYR XVLQJ %&$6 DV D PDUNHU IRU
H[DPSOH LQ PRGHOV RI 60$ VSLQDO FRUG LQMXU\ DQG UHP\HOLQDWLRQ LQ GHP\HOLQDWLQJ GLVHDVH
2OLJRGHQGURF\WH FXOWXUHV DUH FRPPRQO\ HVWDEOLVKHG IURP QHRQDWDO UDW FRUWH[ 23&V XVLQJ
WKH VKDNHRII PHWKRG 0F&DUWK\ DQG GH 9HOOLV  %DUUHV HW DO  $YHOODQD$GDOLG
HW DO  +HUH VHUXPULFK PHGLD LV UHTXLUHG WR JURZ DQG PDLQWDLQ WKH FRUWLFDO FHOOV
EHIRUH 23&V DUH VKDNHQ RII DQG GLIIHUHQWLDWHG LQWR ROLJRGHQGURF\WHV LQ VHUXPIUHH PHGLD
+RZHYHU ZKHQ DGGUHVVLQJ TXHVWLRQV UHODWLQJ WR VSLQDO FRUG (02/V EUDLQGHULYHG FHOOV
KDYH OLPLWDWLRQV DV WKHVH WZR RUJDQV FRQWDLQ GLYHUVH VXEFODVVHV RI ROLJRGHQGURJOLD %UDGO

&KDSWHU 
DQG /DVVPDQQ  )ORULGGLD HW DO  7R VWXG\ VSLQDO FRUG (02/V ZH HVWDEOLVKHG
PL[HG JOLDO FXOWXUHV IURP 3 PRXVH VSLQDO FRUG LQ VHUXPIUHH PHGLD DIWHU LQLWLDO SODWLQJ LQ
VHUXPFRQWDLQLQJ PHGLD 7KHVH FXOWXUHV FRQWDLQHG DOO PDMRU &16 JOLD EXW ZHUH HQULFKHG IRU
ROLJRGHQGURJOLD LQFOXGLQJ %&$6 &13 (02/V &RPSDUHG WR RWKHU VSLQDO FRUG FXOWXUHV
VXFK DV WKH P\HOLQDWLQJ FHOO FXOWXUHV 7KRPVRQ HW DO   RXU PRGHO ZDV ODUJHO\
GHYRLG RI QHXURQV DQG FDQ EH UHJDUGHG DV D PRGHO RI VSLQDO FRUG ZKLWH PDWWHU ZLWK WKH
JUH\ PDWWHU QHXURQDO FRPSRQHQW UHPRYHG :H DFNQRZOHGJH WKH OLPLWDWLRQV LQWURGXFHG E\
H[FOXGLQJ WKH QHXURQDO SRSXODWLRQ JLYHQ WKDW WKH IXQFWLRQ RI (02/V LV WR HQVKHDWK D[RQV
+RZHYHU XQOLNH PRQRFXOWXUHV RXU PL[HG JOLDO PRGHO DOORZV LQWHUJOLD LQWHUDFWLRQV DV RFFXUV
LQ YLYR 'RPLQJXHV HW DO  0RUHRYHU LW FRQWDLQV DVWURF\WHV WKDW DUH HVVHQWLDO IRU
(02/ IXQFWLRQ VLQFH WKH\ VXSSO\ ODFWDWH DQG OLSLG IRU P\HOLQRJHQHVLV 6iQFKH]$EDUFD
HW DO  5LQKROP HW DO  6DKHU DQG 6WXPSI  &DPDUJR HW DO  WKH
SHUWXUEDWLRQ RI ZKLFK OHDGV WR DEQRUPDO P\HOLQ IRUPDWLRQ LQ YLYR /LHGWNH HW DO 
:H REVHUYHG WKDW (02/V ZHUH ULFK LQ PLWRFKRQGULD DV SUHYLRXVO\ REVHUYHG IRU H[DPSOH LQ
3 UDW FRUWH[ /XVH  PRXVH QHRQDWDO VSLQDO FRUG ZKLWH PDWWHU 6FKXOW] HW DO 
DQG GXULQJ UHP\HOLQDWLRQ LQ DGXOW FDW VSLQDO FRUG 'XQFDQ HW DO  7KLV VXJJHVWV D
KLJK GHQVLW\ RI PLWRFKRQGULD LV D KDOOPDUN RI DFWLYHO\ P\HOLQDWLQJ FHOOV .LULVFKXN HW DO
 QRWHG WKDW LPPDWXUH ROLJRGHQGURF\WHV LQ FXOWXUH KDG PDQ\ PLWRFKRQGULD ORFDOLVHG WR
WKH WLSV RI SURFHVVHV ZKHUH WKH\ DUH DVVXPHG WR SURYLGH $73 DW WKH VLWH RI P\HOLQ ZUDSSLQJ
0H\HU DQG 5LQKROP  ,Q FRQWUDVW WR (02/V PDWXUH ROLJRGHQGURF\WHV DSSHDU WR
KDYH IHZHU PLWRFKRQGULD 5LQKROP HW DO 
7KH PHWDEROLF SURILOHV RI 23&V DQG PDWXUH ROLJRGHQGURF\WHV GLIIHU ZLWK WKH IRUPHU EHLQJ
SULPDULO\ R[LGDWLYH DQG WKH ODWWHU JO\FRO\WLF 5DR HW DO  +RZHYHU OLWWOH LV NQRZQ DERXW
WKH HQHUJ\ PHWDEROLVP RI VSLQDO FRUG (02/V :H SUREHG WKH PHWDEROLF SDWKZD\V XVHG
LQ (02/V E\ WUHDWLQJ PL[HG JOLDO FXOWXUHV ZLWK SKDUPDFRORJLFDO LQKLELWRUV RI JO\FRO\VLV RU
2;3+26 :H IRXQG WKDW  KRXUV LQKLELWLRQ RI HLWKHU SDWKZD\ GLG QRW UHVXOW LQ (02/ FHOO
GHDWK KRZHYHU VLPXOWDQHRXV LQKLELWLRQ RI ERWK SDWKZD\V ZDV GHWULPHQWDO 7KH HIIHFWV
RI SKDUPDFRORJLFDOO\ LQKLELWLQJ JO\FRO\VLV LQ ROLJRGHQGURF\WHV KDYH QRW EHHQ SUHYLRXVO\
UHSRUWHG WR RXU NQRZOHGJH +RZHYHU ,$ ZKLFK LV DQ LQKLELWRU RI *$3'+ HIIHFWLYHO\ LQKLELWHG
JO\FRO\VLV LQ YLWUR LQ PDWXUH ROLJRGHQGURF\WHV DV VKRZQ XVLQJ DQ LQWUDFHOOXODU )5(7 JOXFRVH

&KDSWHU 
VHQVRU 6DDE HW DO  7KXV ZH VKRZ WKDW VSLQDO FRUG (02/V DUH LQGHHG WROHUDQW WR
VKRUWWHUP JO\FRO\VLV LQKLELWLRQ
,Q FRQWUDVW ZH IRXQG WKDW DVWURF\WHV ZHUH VXVFHSWLEOH WR SKDUPDFRORJLFDO LQKLELWLRQ RI
JO\FRO\VLV DQ REVHUYDWLRQ SUHYLRXVO\ UHSRUWHG LQ EUDLQGHULYHG DVWURF\WH FXOWXUHV 2JDWD
HW DO  DQG 6FKPLGW DQG 'ULQJHQ  GHPRQVWUDWHG WKDW  P0 ,$ FDXVHG DVWURF\WH
GHDWK DIWHU  KRXU  D UHVXOW ZH UHSOLFDWHG DW  KRXUV +RZHYHU WKH DXWKRUV LGHQWLILHG
RIIWDUJHW HIIHFWV RQ JOXWDWKLRQH PHWDEROLVP DQ LPSRUWDQW SDWKZD\ IRU SURWHFWLRQ DJDLQVW
R[LGDWLYH VWUHVV LQ WKH &16 'ULQJHQ HW DO  ,Q FRQWUDVW WR 23&V ERWK DVWURF\WHV
DQG ROLJRGHQGURF\WHV ZLWKVWDQG JOXWDWKLRQH GHSOHWLRQ %DFN  :DDN DQG 'ULQJHQ
 7KHUHIRUH LI ,$ KDV WKH VDPH RIIWDUJHW HIIHFW LQ (02/V ZH FDQ H[WUDSRODWH WKDW
WKH\ WRR DUH OLNHO\ WROHUDQW WR JOXWDWKLRQH GHSOHWLRQ 2WKHUV KDYH VKRZQ WKDW  0 ,$
FDQ FDXVH $73 GHSOHWLRQ E\  KRXUV LQ FXOWXUHG EUDLQ DVWURF\WHV DQG QHXURQV 1RGLQ HW DO
 +HUQiQGH])RQVHFD HW DO  WKHUHIRUH D ORZHU FRQFHQWUDWLRQ RI ,$ FRXOG EH
XVHG LQ IXWXUH VWXGLHV WR PLWLJDWH RIIWDUJHW HIIHFWV
,Q WKH FXUUHQW VWXG\ VKRUWWHUP SKDUPDFRORJLFDO LQKLELWLRQ RI 2;3+26  KRXUV GLG
QRW FDXVH REVHUYDEOH FKDQJHV LQ WKH YLDELOLW\ RI (02/V RU DVWURF\WHV &XOWXUHG EUDLQ
DVWURF\WHV KDYH EHHQ VKRZQ SUHYLRXVO\ WR ZLWKVWDQG LQKLELWLRQ RI 2;3+26 2JDWD HW
DO  6ZDQVRQ HW DO  DQG DUH JHQHUDOO\ UHJDUGHG DV JO\FRO\WLF FHOOV 6XSSOLH
HW DO  +RZHYHU WKH HIIHFWV RI LQKLELWLQJ 2;3+26 RQ ROLJRGHQGURF\WHV DUH OHVV
FOHDU GXH WR FRQIOLFWLQJ UHSRUWV )RU H[DPSOH =LDEUHYD HW DO  VKRZHG WKDW LQ YLWUR
GLIIHUHQWLDWHG PDWXUH 0%3 ROLJRGHQGURF\WHV DUH YXOQHUDEOH DIWHU  KRXUV H[SRVXUH WR
 0 $= +RZHYHU VHPLQDO ZRUN E\ )QIVFKLOOLQJ HW DO  GHPRQVWUDWHG WKDW SRVW
P\HOLQDWLRQ ROLJRGHQGURF\WHV LQ PLFH FDQ VXUYLYH DV JO\FRO\WLF FHOOV DQG WKXV GR QRW UHTXLUH
2;3+26 &ODULW\ ZDV SURYLGHG E\ 5DR HW DO  ZKR VKRZHG DGXOW LVRODWHG PDWXUH
ROLJRGHQGURF\WHV IURP UDW EUDLQ ZHUH JO\FRO\WLF FRPSDUHG WR QHRQDWDO LQ YLWUR GLIIHUHQWLDWHG
ROLJRGHQGURF\WHV ZKLFK ZHUH R[LGDWLYH 7KH ODWWHU UHVXOW LV OLNHO\ H[SODLQHG E\ WKH DEVHQFH
RI WKH PHWDEROLF VZLWFK SURSRVHG E\ )QIVFKLOOLQJ HW DO  WKDW GLUHFWV SRVWP\HOLQDWLRQ
ROLJRGHQGURF\WHV WR EHFRPH JO\FRO\WLF WR VXSSRUW WKH D[RQV WKH\ KDYH P\HOLQDWHG 7KLV
KLJKOLJKWV D FULWLFDO LVVXH WR FRQVLGHU ZKHQ FKDUDFWHULVLQJ FHOOV LQ YLWUR WKDW LQ WKH DEVHQFH
RI UHOHYDQW SK\VLRORJLFDO FXHV FHOOV FDQ EHKDYH GLIIHUHQWO\ FRPSDUHG WR WKHLU LQ YLYR
FRXQWHUSDUWV 2XU VSLQDO FRUG PL[HG JOLDO FXOWXUHV OLNHO\ UHIOHFW WKH LQ YLYR VLWXDWLRQ PRUH

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FORVHO\ WKDQ V\VWHPV WKDW UHTXLUH LQ YLWUR GLIIHUHQWLDWLRQ 7KXV ZH FRQFOXGH WKDW VSLQDO FRUG
(02/V FDQ XWLOLVH HLWKHU JO\FRO\VLV RU 2;3+26 IRU VXUYLYDO
$OWKRXJK (02/VXUYLYDO ZDV QRW FRPSURPLVHG IROORZLQJ$=PHGLDWHG LQKLELWLRQ RI 2;3+26
IRU  KRXUV WKH HIIHFWV RI PLWRFKRQGULDO GLVUXSWLRQ RQ OLSLG V\QWKHVLV VKRXOG EH FRQVLGHUHG ,Q
(02/V PLWRFKRQGULDO IXQFWLRQ LV UHTXLUHG IRU DFHW\O&R$ SURGXFWLRQ FKROHVWHURO V\QWKHVLV
OLSRJHQHVLV DQG P\HOLQRJHQHVLV 6XEOHWKDO PLWRFKRQGULDO FRPSOH[ , LQKLELWLRQ LQ YLWUR
LQKLELWV ROLJRGHQGURJOLDO PDWXUDWLRQ DQG KLJKOLJKWV WKH LPSRUWDQFH RI PLWRFKRQGULDO IXQFWLRQ
GLVWLQFW IURP HQHUJ\ SURGXFWLRQ 6FKRHQIHOG HW DO  0RUHRYHU PLWRFKRQGULD SHUIRUP
QXPHURXV SK\VLRORJLFDO UROHV VXFK DV FDOFLXP EXIIHULQJ UHJXODWLRQ RI FHOO JURZWK FHOO
F\FOH FHOO GLIIHUHQWLDWLRQ DXWRSKDJ\ DQG DSRSWRVLV 2VHOODPH HW DO  7KHUHIRUH
ZKHQ FRQVLGHULQJ WKH FDXVH RI (02/ GHDWK DW  KRXUV LQ RXU VWXG\ LW LV FKDOOHQJLQJ WR
FRQFOXGH ZKHWKHU WKLV ZDV WKH UHVXOW RI FKHPLFDO K\SR[LD DQG HQHUJ\ FULVLV PLWRFKRQGULDO
G\VIXQFWLRQ DQG R[LGDWLYH VWUHVV RU ERWK
:H VXEMHFWHG PL[HG JOLD WR  KRXUV RI R[\JHQ GHSULYDWLRQ RU 2*' DQG QHLWKHU (02/V QRU
DVWURF\WHV DSSHDUHG YXOQHUDEOH HYHQ DIWHU UHSHUIXVLRQ LQ WKH WLPH VFDOHV H[DPLQHG 2WKHUV
KDYH W\SLFDOO\ H[DPLQHG FHOO W\SHV LQ LVRODWLRQ /\RQV DQG .HWWHQPDQQ  VXEMHFWHG
FHOOW\SH HQULFKHG FXOWXUHV RI UDW EUDLQ JOLD WR K\SR[LD RU 2*' DQG IRXQG ROLJRGHQGURF\WHV
WR EH PRVW YXOQHUDEOH FRPSDUHG WR DVWURF\WHV RU PLFURJOLD 6LPLODUO\ 'HQJ HW DO 
UHSRUWHG LPPDWXUH EUDLQ ROLJRGHQGURF\WHV ZHUH YXOQHUDEOH WR 2*' &RQYHUVHO\ DVWURF\WHV
DUH UHVLVWDQW WR WUDQVLHQW  KRXUV K\SR[LD RU 2*' /\RQV DQG .HWWHQPDQQ  DOWKRXJK
DJHG FHOOV LQ YLWUR DUH VXVFHSWLEOH -XXUOLQN HW DO  'DQLORY DQG )LVNXP  ,Q
WKH DERYH VWXGLHV WKH ROLJRGHQGURF\WH SRSXODWLRQ ZDV OLNHO\ (02/V VLQFH WKH\ ZHUH
GHVFULEHG DV EH\RQG SUHFXUVRU FHOOV EXW VWLOO LPPDWXUH ,Q D PRUH SK\VLRORJLFDOO\ UHOHYDQW
H[ YLYR VWXG\ XVLQJ UDW KLSSRFDPSDO VOLFHV =LHPND1DOHF] HW DO  IRXQG 23&V WR
EH PRVW YXOQHUDEOH WR 2*' ,W KDV ORQJ EHHQ NQRZQ WKDW 23&V DUH VHQVLWLYH WR R[LGDWLYH
VWUHVV %DFN HW DO  %DXG HW DO  )UHQFK HW DO  DQG WKH GHDWK RI 23&V
OLNHO\ DFFRXQWV IRU LQFUHDVHG /'+ UHOHDVH IROORZLQJ R[\JHQ GHSULYDWLRQ RU 2*' LQ RXU
H[SHULPHQWV
$V D QRQSKDUPDFRORJLFDO LQKLELWRU RI JO\FRO\VLV ZH PDLQWDLQHG VSLQDO FRUG PL[HG JOLD LQ
JOXFRVHIUHH PHGLD DOVR ODFNLQJ S\UXYDWH DQG JOXWDPLQH IRU XS WR  KRXUV DQG IRXQG QR

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REYLRXV GHWULPHQWDO HIIHFW RQ (02/V RU DVWURF\WHV ,Q FRQWUDVW SKDUPDFRORJLFDO LQKLELWLRQ
RI JO\FRO\VLV ZDV GHWULPHQWDO WR DVWURF\WHV 7KLV DSSDUHQW GLFKRWRP\ FDQ EH H[SODLQHG E\
WKH IDFW WKDW DVWURF\WHV VWRUH JO\FRJHQ ZKLFK FDQ VXVWDLQ FHOOXODU PHWDEROLVP YLD JO\FRO\VLV
LQ WKH DEVHQFH RI H[RJHQRXV HQHUJ\ VXEVWUDWHV LQ WKH VKRUW WHUP ,QGHHG RWKHUV REVHUYHG D
VLPLODU UHVXOW LQ H[ YLYR UDW KLSSRFDPSDO VOLFHV ZKHUH GHVSLWH  KRXUV RI JOXFRVH GHSULYDWLRQ
DVWURF\WHV UHPDLQHG YLDEOH &DWHU HW DO  &RQYHUVHO\ LQKLELWLRQ RI JO\FRO\VLV ZLWK 
GHR[\JOXFRVH OHG WR PDUNHG DVWURF\WH GHDWK VLQFH JO\FRJHQ FRXOG QRW EHPHWDEROLVHG &DWHU
HW DO  6XEVHTXHQW VWXGLHV XVLQJ H[ YLYR RSWLF QHUYH GHPRQVWUDWHG WKDW DVWURF\WHV
VXSSRUW QHXURQV ZLWK JO\FRJHQGHULYHG ODFWDWH GXULQJ JOXFRVH GHSULYDWLRQ :HQGHU HW DO
 %URZQ HW DO  7HNN|N HW DO  +RZHYHU DVWURF\WH JO\FRJHQ VWRUHV DUH
OLPLWHG DQG EHFDPH GHSOHWHG DIWHU  PLQXWHV RI DFWLRQ SRWHQWLDO JHQHUDWLRQ DW  +] LQ
H[ YLYR RSWLF QHUYH :HQGHU HW DO  ,Q WKH DEVHQFH RI HQHUJ\KXQJU\ D[RQV LQ RXU
PRGHO V\VWHP DVWURF\WH JO\FRJHQ LV OLNHO\ QRW GHSOHWHG UDSLGO\ 7KH ROLJRGHQGURF\WH LV
QRZ FRQVLGHUHG SDUW RI WKH $1/6 IRUPLQJ D WULSDUWLWH VWUXFWXUH IRU WKH VXSSRUW RI QHXURQDO
IXQFWLRQ $PDUDO HW DO  3KLOLSV DQG 5RWKVWHLQ  7KHUHIRUH (02/V PLJKW DOVR
EH PHWDEROLFDOO\ VXVWDLQHG E\ DVWURF\WH JO\FRJHQGHULYHG ODFWDWH ZKHQ H[RJHQRXV HQHUJ\
VXEVWUDWHV DUH QRW DYDLODEOH LQ RXU PRGHO V\VWHP
8QH[SHFWHGO\ (02/V DQG PL[HG JOLD DSSHDUHG UHVLVWDQW WR 2*' $OWKRXJK ZH SODFHG
FHOOV LQ DQ DQR[LF FKDPEHU DOO R[\JHQ ZDV PRVW FHUWDLQO\ QRW HOLPLQDWHG DQG ZH WKHUHIRUH
GHVFULEH WKHVH H[SHULPHQWV DV R[\JHQGHSULYHG :H FRQFOXGH WKLV EDVHG RQ WKH IDFW
(02/V ZRXOG UHTXLUH R[\JHQ WR PHWDEROLVH DVWURF\WH JO\FRJHQGHULYHG ODFWDWH WR PDLQWDLQ
FHOO YLDELOLW\ LQ WKH DEVHQFH RI H[RJHQRXV JOXFRVH ,QGHHG RWKHUV ZKR JDVVHG FXOWXUH PHGLD
ZLWK  1 &2 IRU  KRXU IRXQG WKDW  RI WKH VWDUWLQJ R[\JHQ WHQVLRQ UHPDLQHG DW
WKH HQG /\RQV DQG .HWWHQPDQQ 
,Q WKLV FKDSWHU ZH VKRZHG WKDW QHRQDWDO PRXVH VSLQDO FRUG LV ULFK LQ %&$6 ROLJRGHQ
GURJOLD DV UHSRUWHG IRU WKH EUDLQ DQG WKDW WKH (02/ SRSXODWLRQ FDQ EH PDLQWDLQHG LQ YLWUR
6SLQDO FRUG (02/V LQ FXOWXUH UHWDLQHG D KLJK GHQVLW\ RI PLWRFKRQGULD EXW ZHUH QRW VHQVL
WLYH WR VKRUWWHUP LQKLELWLRQ RI 2;3+26 (02/V ZHUH QRW YXOQHUDEOH WR DFXWH JO\FRO\VLV
LQKLELWLRQ DQG WR RXU VXUSULVH ZHUH DOVR UHVLVWDQW WR  KRXUV RI JOXFRVH GHSULYDWLRQ ,Q
DOO ZH SURYLGH D FKDUDFWHULVHG LQ YLWUR PRGHO RI VSLQDO FRUG ZKLWH PDWWHU JOLD WR DOORZ IRU
VXEVHTXHQW VWXG\ RI (02/ VXVFHSWLELOLW\ WR FRPSRQHQWV RI WKH K\SR[LF HQYLURQPHQW

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$VVHVVLQJ WKH VXVFHSWLELOLW\ RI VSLQDO
FRUG HDUO\ P\HOLQDWLQJ ROLJRGHQGURF\WHV




+\SR[LDLVFKDHPLD SURGXFHV ZHOOFKDUDFWHULVHG VHFRQGDU\ FRQVHTXHQFHV VXFK DV DFL
GRVLV HQHUJ\ FULVLV DQG LQIODPPDWLRQ 2EUHQRYLWFK  0LQKDV HW DO  ,Q WKH
SUHYLRXV FKDSWHU ZH IRXQG D SRSXODWLRQ RI VSLQDO FRUG (02/V ZHUH WROHUDQW WR VKRUWWHUP
R[\JHQ GHSOHWLRQ RU FKHPLFDO K\SR[LD SRVVLEO\ EHFDXVH WKHVH VHFRQGDU\ FRQVHTXHQFHV
ZHUH DEVHQW $Q HDUO\ FRQVHTXHQFH RI K\SR[LD LV H[WUDFHOOXODU DFLGRVLV WKURXJK WKH DFFX
PXODWLRQ RI ODFWLF DFLG IURP DQDHURELF JO\FRO\VLV ZKLFK IXUWKHU FRPSRXQGV K\SR[LF LQVXOW
DV VKRZQ LQ WKH EUDLQV RI QHRQDWDO KXPDQV DQG DQLPDOV /RUHN HW DO  +DQUDKDQ
HW DO  3DQJ HW DO  7KH LQWHUUXSWLRQ LQ JOXFRVH GHOLYHU\ IURP WKH EORRG LQ
K\SR[LDLVFKDHPLD UHVXOWV LQ FHOOXODU HQHUJ\ FULVLV WR ZKLFK EUDLQ 23&V DQG (02/V DUH
SDUWLFXODUO\ YXOQHUDEOH 'HQJ HW DO  )ROOHWW HW DO  'HQJ HW DO  +RZHYHU
RWKHU LPSRUWDQW IDFWRUV DUH VXSSOLHG YLD WKH EORRG VXFK DV DPLQR DFLGV DQG YLWDPLQV ZKLFK
WR RXU NQRZOHGJH DUH UDUHO\ FRQVLGHUHG ZLWKLQ WKH OLWHUDWXUH EXW DUH HVVHQWLDO IRU FHOOXODU
PHWDEROLVP DQG JURZWK )LQDOO\ WKH UHVXOWLQJ FHOO VWUHVV DQG FHOO GHDWK WULJJHUV WKH UHOHDVH
RI LQIODPPDWRU\ IDFWRUV SULPDULO\ IURP PLFURJOLD %ORFN HW DO  'HQJ HW DO 
,QWHUIHURQJDPPD ,)1  DQG WXPRXU QHFURVLV IDFWRU 71) DUH WZR F\WRWR[LF LQIODPPD
WRU\ IDFWRUV IRXQG LQ WKH QHXURLQIODPPDWRU\ HQYLURQPHQW WKDW GLUHFWO\ LQGXFH DSRSWRVLV LQ
EUDLQGHULYHG (02/V LQ YLWUR 6HOPDM DQG 5DLQH  9DUWDQLDQ HW DO  +LVDKDUD
HW DO  -XUHZLF] HW DO  ,Q VXPPDU\ WKH OLWHUDWXUH UHSRUWV WKDW EUDLQ (02/V DUH
SDUWLFXODUO\ VXVFHSWLEOH WR WKH K\SR[LFLVFKDHPLF HQYLURQPHQW
7KLV OHDGV XV WR TXHVWLRQ KRZ VSLQDO FRUG P\HOLQDWLRQ SURFHHGV QRUPDOO\ LQ D PXULQH PRGHO
RI 60$ GHVSLWH WLVVXH K\SR[LD 6RPHUV HW DO  2¶0HDUD HW DO  +HUQDQGH]
*HUH] HW DO  7KH KHDOWK\ VSLQDO FRUG LV SRRUO\ SHUIXVHG FRPSDUHG WR EUDLQ KDYLQJ
XS WR  ORZHU EORRG VXSSO\ 0DUWLURV\DQ HW DO  %DVHG RQ WKHVH WZR REVHUYDWLRQV
ZH K\SRWKHVLVHG WKDW VSLQDO FRUG (02/V PLJKW EH PRUH UHVLVWDQW WR FRPSRQHQWV RI WKH
K\SR[LF HQYLURQPHQW WKDQ WKRVH LQ WKH EUDLQ
7KHUHIRUH WKH VSHFLILF DLP RI WKLV FKDSWHU ZDV WR H[DPLQH WKH UHVSRQVH RI VSLQDO FRUG
(02/V WR WKH LQGLYLGXDO VHFRQGDU\ FRPSRQHQWV RI WKH K\SR[LF HQYLURQPHQW H[WUDFHOOXODU
DFLGRVLV HQHUJ\ VXEVWUDWH GHSULYDWLRQ DQG LQIODPPDWRU\ LQVXOW 7R GR WKLV ZH XVHG WKH LQ
YLWUR PRGHO RI VSLQDO FRUG ZKLWH PDWWHU JOLD LQWURGXFHG LQ &KDSWHU 

&KDSWHU 
 (02/V DQG DVWURF\WHV DUH VXVFHSWLEOH WR DQ DFLGLF
HQYLURQPHQW
7R WHVW LI VSLQDO FRUG (02/V DUH YXOQHUDEOH WR H[WUDFHOOXODU DFLGRVLV ZH DVVHVVHG FHOO
VXUYLYDO DIWHU FXOWXULQJ PL[HG JOLD DFURVV D UDQJH RI S+ YDOXHV ZLWK RU ZLWKRXW  P0 JOXFRVH
LQ '0 WKH ODWWHU WR UHSOLFDWH IDLOXUH RI JOXFRVH GHOLYHU\ LQ LVFKDHPLD *LYHQ WKH UHVLOLHQFH
RI (02/V DQG DVWURF\WHV WR  KRXUV RI H[RJHQRXV HQHUJ\ GHSULYDWLRQ LQ &KDSWHU  ZH
VHOHFWHG D GD\ HQGSRLQW WG IRU WKHVH H[SHULPHQWV 5DZ GDWD DUH GLVSOD\HG LQ )LJXUH 6
)ROORZLQJ PDLQWHQDQFH IRU  GD\V ZLWKLQ WKH SK\VLRORJLFDO S+ UDQJH  FXOWXUHV
DSSHDUHG GHQVH '$3, QXFOHL ZLWK PDQ\ (02/V &13 DVWURF\WHV *)$3 DQG VRPH
PLFURJOLD &' )LJXUH  D )LJXUH  DG +RZHYHU LQ DQ DFLGLF HQYLURQPHQW S+
 WRWDO FHOO DQG (02/ GHQVLWLHV DV D SHUFHQWDJH RI WKH VWDUWLQJ GHQVLWLHV ZHUH
VLJQLILFDQWO\ UHGXFHG FRPSDUHG WR FRQWURO )LJXUH  E F VLJQLILFDQFH OHYHOV DUH LQGLFDWHG LQ
)LJXUH  D E 6XUSULVLQJO\ DW D SK\VLRORJLFDO S+ WKH FRPSOHWH ZLWKGUDZDO RI JOXFRVH IRU
 GD\V GLG QRW PDUNHGO\ DOWHU WRWDO (02/ DVWURF\WH RU PLFURJOLDO FHOO GHQVLWLHV FRPSDUHG
WR FHOOV JURZQ LQ '0 VXSSOHPHQWHG ZLWK  P0 JOXFRVH )LJXUH  D XSSHU YV ORZHU
SDQHO )LJXUH  DG JUHHQ YV EOXH EDUV
$VWURF\WH GHQVLWLHV LQFUHDVHG PDUNHGO\ DW SK\VLRORJLFDO S+ UHDFKLQJ XS WR  RI W
YDOXHV +RZHYHU ILQDO GHQVLWLHV WHQGHG WR GHFUHDVH DW S+ <  VXFK WKDW HQGSRLQW YDOXHV
ZHUH FORVHU WR VWDUWLQJ YDOXHV 7KLV ZDV WUXH ZKHWKHU RU QRW JOXFRVH ZDV SUHVHQW +RZHYHU
GXH WR LQWUDH[SHULPHQW YDULDELOLW\ WKHVH FKDQJHV GLG QRW UHDFK VLJQLILFDQFH )LJXUH 
F &RQYHUVHO\ PLFURJOLDO GHQVLWLHV ZHUH JUHDWHU LQ S+  PHGLD FRPSDUHG WR FRQWUROV
UHDFKLQJ VLJQLILFDQFH ZKHQ JOXFRVH ZDV DEVHQW )LJXUH  F )LJXUH  G
7KHVH GDWD GHPRQVWUDWH WKDW (02/V DUH YXOQHUDEOH WR DQ DFLGLF H[WUDFHOOXODU PLOLHX
WKH HIIHFW RI ZKLFK LV QRW FRPSRXQGHG E\ JOXFRVH GHSULYDWLRQ $VWURF\WHV DSSHDUHG
VXVFHSWLEOH DOWKRXJK VWDUWLQJ YDOXHV ZHUH UHWDLQHG XQGHU DFLGLF FRQGLWLRQV 0LFURJOLDO





















































)LJXUH  _ $Q DFLGLF PLOLHX LPSDFWV (02/V DQG DVWURF\WHV EXW JOXFRVH GHSULYDWLRQ
GRHV QRW FRPSRXQG WKH HIIHFW 5HSUHVHQWDWLYH LPDJHV RI PL[HG JOLD FXOWXUHG IRU  GD\V LQ
'0 DW YDULRXV S+V ZLWK DQG ZLWKRXW  P0 JOXFRVH D 0L[HG JOLD FXOWXUHG DW SK\VLRORJLFDO
S+ FHOO QXFOHL EOXH '$3, ZHUH DEXQGDQW LQ (02/V ZKLWH &13 DVWURF\WHV PDJHQWD
*)$3 DQG PLFURJOLD JUHHQ &' 7KH FHOOV GLG QRW DSSHDU DIIHFWHG E\  GD\V RI
JOXFRVH GHSULYDWLRQ ORZHU SDQHO FRPSDUHG WR XSSHU SDQHO E (02/V DQG DVWURF\WHV
DSSHDUHG YXOQHUDEOH DW S+  DQG F  KRZHYHU &' PLFURJOLD GHQVLWLHV DSSHDUHG
PDLQWDLQHG LQ WKH ODWWHU FRQGLWLRQ LQ WKH DEVHQFH RI JOXFRVH *UHHQ DVWHULVNV PDUN &'



























































































)LJXUH  _ $Q DFLGLF PLOLHX LPSDFWV FHOO GHQVLWLHV LQ PL[HG JOLDO FXOWXUHV EXW WKH
HIIHFW LV QRW FRPSRXQGHG E\ JOXFRVH GHSULYDWLRQ *UDSKV RI FHOO GHQVLWLHV DW WG DV D
SHUFHQWDJH RI WKH W YDOXH &XOWXUHV ZHUH PDLQWDLQHG LQ '0 DFURVV D UDQJH RI S+ YDOXHV
FRQWDLQLQJ  P0 JOXFRVH JUHHQ RU  P0 JOXFRVH EOXH D &RPSDUHG WR FRQWUROV WRWDO
FHOO '$3, DQG E (02/ &13 FHOO GHQVLWLHV ZHUH VLJQLILFDQWO\ UHGXFHG DW DFLGLF S+
UHJDUGOHVV RI JOXFRVH VXSSOHPHQWDWLRQ F $VWURF\WH *)$3 GHQVLWLHV ZKLFK LQFUHDVHG
PDUNHGO\ DW SK\VLRORJLFDO S+ WHQGHG WRZDUGV W YDOXHV DW DFLGLF S+ G 0LFURJOLDO &'
GHQVLWLHV WHQGHG WR LQFUHDVH DW S+  FRPSDUHG WR FRQWUROV 'DWD ZHUH FRPSDUHG WR S+
 ZLWK  P0 JOXFRVH XVLQJ D WZRZD\ $129$ ZLWK 'XQQHWW¶V PXOWLSOH FRPSDULVRQ WHVW
  S <    S <    S <  'DWD ZHUH REWDLQHG IURP  ELRORJLFDO UHSHDWV
$EEUHYLDWLRQV '0 '0(0EDVHG PHGLD

&KDSWHU 
 :LWKGUDZDO RI DPLQR DFLGV DQGRU YLWDPLQV LPSDFWV
GHQVLWLHV RI (02/V PRUH WKDQ JOXFRVH GHSULYDWLRQ
,Q &KDSWHU  ZH GHVFULEHG WKH UHPDUNDEOH UHVLOLHQFH RI (02/V WR  KRXUV RI H[RJH
QRXV HQHUJ\ GHSULYDWLRQ LQ JOXFRVHIUHH PHGLD DOVR ODFNLQJ S\UXYDWH DQG JOXWDPLQH ,Q
WKH SUHYLRXV VHFWLRQ VHFWLRQ  ZH XQH[SHFWHGO\ IRXQG WKDW FHOOV VXUYLYHG  GD\V RI
H[RJHQRXV HQHUJ\ VXEVWUDWH GHSULYDWLRQ 7R H[SORUH WKLV IXUWKHU ZH FXOWXUHG PL[HG JOLD
IRU  GD\V LQ '0(0EDVHG PHGLD '0 RU LQ D PDWFKHG VDOWVRQO\ 62 PHGLD ODFNLQJ
DPLQR DFLGV DQG YLWDPLQV WKH ODWWHU WR UHSOLFDWH WKH GHSULYDWLRQ RI HVVHQWLDO IDFWRUV DV PLJKW
RFFXU LQ LVFKDHPLD %RWK '0 DQG 62 PHGLD ZHUH HLWKHU VXSSOHPHQWHG ZLWK  P0 JOXFRVH
RQO\ RU OHIW XQVXSSOHPHQWHG  P0 JOXFRVH 7R WHVW LI  P0 JOXFRVH ZDV OLPLWLQJ IRU FHOO
VXUYLYDO ZH DOVR FXOWXUHG FHOOV LQ KLJKO\ HQULFKHG +( '0 FRQWDLQLQJ  P0 JOXFRVH 
P0 S\UXYDWH DQG  P0 JOXWDPLQH 5DZ GDWD DUH VKRZQ LQ )LJXUH 6
5HPDUNDEO\ DIWHU  GD\V LQ '0 ZLWK  P0 JOXFRVH QHLWKHU WRWDO '$3, (02/ DVWURF\WH
RU PLFURJOLDO FHOO GHQVLWLHV ZHUH VLJQLILFDQWO\ DOWHUHG FRPSDUHG WR FRQWUROV  P0 JOXFRVH
'0 )LJXUH  D )LJXUH  DG +RZHYHU (02/ GHQVLWLHV ZHUH VLJQLILFDQWO\ UHGXFHG
LQ ERWK 62 FRQGLWLRQV DQG WRWDO FHOO GHQVLWLHV ZHUH UHGXFHG LQ 62 PHGLD ZLWKRXW JOXFRVH
)LJXUH  E )LJXUH  D E $VWURF\WH DQG PLFURJOLDO GHQVLWLHV ZHUH QRW VLJQLILFDQWO\
DOWHUHG LQ HLWKHU 62 PHGLD FRPSDUHG WR FRQWURO DOWKRXJK WKHUH ZDV D GRZQZDUG WUHQG LQ
ERWK FDVHV )LJXUH  E )LJXUH  F G
,Q +( PHGLD WRWDO FHOO GHQVLWLHV ZHUH VLJQLILFDQWO\ LQFUHDVHG FRPSDUHG WR FRQWURO EXW GHQVL
WLHV RI (02/V DQG DVWURF\WHV ZHUH VLPLODU WR WKRVH JURZQ LQ  P0 JOXFRVH VXSSOHPHQWHG
'0 )LJXUH  F )LJXUH  DF 0LFURJOLDO FHOO GHQVLWLHV DSSHDUHG WR LQFUHDVH EXW WKHVH
ZHUH QRW TXDQWLILHG )LJXUH  F
4XDOLWDWLYHO\ DOO &13 FHOOV DW WG LQ  RU  P0 JOXFRVH '0 FRH[SUHVVHG 0%3 D PDUNHU
RI P\HOLQ IRUPDWLRQ Q   )LJXUH  G
7KHVH GDWD GHPRQVWUDWH WKDW VSLQDO FRUG (02/V DUH UHPDUNDEO\ UHVLVWDQW WR JOXFRVH
GHSULYDWLRQ ZKHQ WKH DPLQR DFLGV DQG YLWDPLQV SUHVHQW LQ '0 DUH DYDLODEOH 8QVXUSULVLQJO\







































DAPI CNP MBP Merge
)LJXUH  _ :LWKGUDZDO RI DPLQR DFLGV DQGRU YLWDPLQV LPSDFWV (02/V PRUH WKDQ
JOXFRVH GHSULYDWLRQ LQ PL[HG JOLDO FXOWXUHV )LJXUH OHJHQG FRQWLQXHV RQ WKH QH[W SDJH

&KDSWHU 
)LJXUH  _ &RQW ,OOXVWUDWLYH LPDJHV RI PL[HG JOLDO FXOWXUHV JURZQ IRU  GD\V LQ '0
FRQWDLQLQJ DPLQR DFLGV DQG YLWDPLQV RU D 62 HTXLYDOHQW ZLWK RU ZLWKRXW  P0 JOXFRVH
D 7RWDO FHOO EOXH '$3, (02/ ZKLWH &13 DQG DVWURF\WH PDJHQWD *)$3 FHOO
GHQVLWLHV DSSHDUHG VLPLODU LQ  P0 JOXFRVH '0 FRPSDUHG WR  P0 JOXFRVH '0 0LFURJOLD
JUHHQ &' DSSHDUHG OHVV GHQVH LQ WKH DEVHQFH RI JOXFRVH E ,Q 62 PHGLD (02/
DQG DVWURF\WHV FHOO GHQVLWLHV DSSHDUHG PRVW UHGXFHG LQ WKH  P0 JOXFRVH FRQGLWLRQ F
&XOWXUHV PDLQWDLQHG LQ +( PHGLD IRU  GD\V DSSHDUHG VLPLODU WR WKRVH LQ  P0 JOXFRVH
WKRXJK PRUH PLFURJOLD ZHUH REVHUYHG G (02/V ZHUH 0%3 PDJHQWD DW WG HYHQ LQ
WKH DEVHQFH RI JOXFRVH 6FDOH EDU   P $EEUHYLDWLRQV '0 '0(0EDVHG PHGLD














































































































)LJXUH  _ :LWKGUDZDO RI DPLQR DFLGV DQGRU YLWDPLQV LPSDFWV (02/ FHOO GHQ
VLWLHV PRUH WKDQ JOXFRVH GHSULYDWLRQ LQ PL[HG JOLDO FXOWXUHV *UDSKV RI FHOO GHQ
VLWLHV DW WG DV D SHUFHQWDJH RI W YDOXHV D 7RWDO FHOO '$3, GHQVLWLHV WHQGHG
WR GHFUHDVH ZLWK LQFUHDVLQJ GHSULYDWLRQ EXW UHDFKHG VLJQLILFDQFH RQO\ LQ WKH PRVW GH
SULYHG FRQGLWLRQ UHG EDU ,Q FRQWUDVW GHQVLWLHV ZHUH VLJQLILFDQWO\ LQFUHDVHG LQ +( PH
GLD E (02/ GHQVLWLHV ZHUH XQFKDQJHG LQ '0 LQ WKH DEVHQFH RI JOXFRVH DQG ZHUH
QRW LQFUHDVHG LQ +( PHGLD F $VWURF\WH *)$3 GHQVLWLHV ZHUH YDULDEOH DQG XQ
FKDQJHG DFURVV DOO FRQGLWLRQV WKRXJK WKH\ LQFUHDVHG PDUNHGO\ IURP WKH W GHQVLW\ G
0LFURJOLD &' GHQVLWLHV ZHUH YDULDEOH DFURVV H[SHULPHQWV 'DWD ZHUH FRPSDUHG
WR  P0 JOXFRVH '0 XVLQJ D RQHZD\ $129$ ZLWK 'XQQHWW¶V PXOWLSOH FRPSDULVRQ WHVW
  S <    S <    S <  'DWD ZHUH REWDLQHG IURP XS WR  ELRORJL
FDO UHSOLFDWHV VHH GDWD SRLQWV $EEUHYLDWLRQV '0 '0(0EDVHG PHGLD 62 VDOWVRQO\
+( '0(0EDVHG PHGLD KLJKO\ HQULFKHG LQ HQHUJ\ VXEVWUDWHV

&KDSWHU 
 (02/ JURZWK UHTXLUHV DPLQR DFLGV DQGRU YLWDPLQV EXW
DSSHDUV QRW WR EH GHSHQGHQW RQ JOXFRVH
2OLJRGHQGURF\WHV DUH KLJKO\ ELRV\QWKHWLF FHOOV WKDW SURGXFH HQRUPRXV YROXPHV RI FHOO
PHPEUDQH ULFK LQ OLSLGV DQG SURWHLQ 8QGHU VWUHVV FHOOV FDQ UHF\FOH FHOOXODU DQG PHPEUDQH
FRPSRQHQWV XVLQJ DXWRSKDJ\ ZKLFK UHGXFHV FHOO VL]H DV D FRQVHTXHQFH /XP HW DO 
+RVRNDZD HW DO  7KHUHIRUH ZH GHWHUPLQHG LI (02/ FHOO GHQVLWLHV ZHUH PDLQWDLQHG
DW WKH H[SHQVH RI WKHLU FHOO VL]H LQ GHSULYHG PHGLD E\ PHDVXULQJ WKH DUHD RI LQGLYLGXDO FHOOV
GHOLQHDWHG E\ &13 VWDLQLQJ DW W DQG WG )LJXUH  D E
7KH PHDQ (02/ VL]H DW W ZDV  P $W WG (02/V ZHUH VLJQLILFDQWO\ ODUJHU LQ 
P0 JOXFRVH '0 FRQWURO FRPSDUHG WR W ZLWK DQ DYHUDJH VL]H RI  P (02/V
PDLQWDLQHG LQ  P0 JOXFRVH '0 UHDFKHG D VLPLODU VL]H RI  P ,Q 62 PHGLD ZLWK RU
ZLWKRXW JOXFRVH (02/V ZHUH VLJQLILFDQWO\ VPDOOHU FRPSDUHG WR FRQWUROV (02/V LQ +(
PHGLD DWWDLQHG D VLPLODU VL]H WR WKRVH LQ FRQWURO PHGLD )LJXUH  F
7KHVH GDWD GHPRQVWUDWH WKDW (02/ VXUYLYDO LQ '0 ZLWKRXW JOXFRVH GRHV QRW RFFXU DW WKH
H[SHQVH RI FHOO VL]H +RZHYHU ZLWKGUDZDO RI DPLQR DFLGV DQGRU YLWDPLQV OLPLWHG JURZWK






























5 mM 0 mM
t6db
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)LJXUH  _ *URZWK RI (02/V UHTXLUHV DPLQR DFLGV DQGRU YLWDPLQV EXW LV QRW
LQIOXHQFHG E\ JOXFRVH DYDLODELOLW\ LQ PL[HG JOLDO FXOWXUHV 5HSUHVHQWDWLYH LPDJHV
RI (02/V ZKLWH &13 DQG WKHLU FHOO QXFOHL EOXH '$3, LQ PL[HG JOLDO FXOWXUHV
DW D W DQG E WG F (02/ FHOO VL]H PHDVXUHG E\ WKH DUHD RI &13 VWDLQLQJ
DQG GLVSOD\HG RQ D 6XSHU3ORW $W OHDVW  FHOOV ZHUH LQFOXGHG DIWHU 5287 DQDO
\VLV SHU ELRORJLFDO UHSOLFDWH 'DWD ZHUH FRPSDUHG WR  P0 JOXFRVH '0 XVLQJ D
RQHZD\ $129$ ZLWK 'XQQHWW¶V PXOWLSOH FRPSDULVRQ WHVW SHUIRUPHG RQ DYHUDJH YDOXHV
  S <    S <  'DWD ZHUH REWDLQHG IURP  RU  ELRORJLFDO UHSHDWV VHH GDWD
SRLQWV 6FDOH EDU   P $EEUHYLDWLRQV '0 '0(0EDVHG PHGLD 62 VDOWVRQO\
+( '0(0EDVHG PHGLD KLJKO\ HQULFKHG LQ HQHUJ\ VXEVWUDWHV

&KDSWHU 
 0RVW (02/V DW WG LQ JOXFRVHGHSULYHG PHGLD SHUVLVW IURP W
2OLJRGHQGURF\WH FHOO GHDWK VWLPXODWHV 23& GLIIHUHQWLDWLRQ LQWR QHZ P\HOLQDWLQJ FHOOV WKDW
FDQ UHVWRUH FHOO GHQVLWLHV +HVS HW DO  =LHPND1DOHF] HW DO  7KHUHIRUH LW ZDV
LPSRUWDQW WR GHWHUPLQH LI (02/ GHQVLWLHV ZHUH EHLQJ PDLQWDLQHG LQ '0 IROORZLQJ  GD\V
RI JOXFRVH GHSULYDWLRQ E\ L VXUYLYDO RI FHOOV SUHVHQW DW WKH EHJLQQLQJ RI H[SHULPHQWDWLRQ
LL GLIIHUHQWLDWLRQ RI 23&V LQWR QHZ (02/V RU LLL ERWK 7R DGGUHVV WKLV ZH JHQHUDWHG
PL[HG JOLDO FXOWXUHV FRQWDLQLQJ WG7RPDWRODEHOOHG (02/V DQG LPDJHG FHOOV DW W DQG GDLO\
WKHUHDIWHU XVLQJ OLYHFHOO LPDJLQJ )LJXUH  D E
7KH KLJKHVW UDWH RI (02/ ORVV ZDV REVHUYHG DIWHU WKH ILUVW  KRXUV ZLWK  RI  FHOOV ORVW
LQ WKH  P0 JOXFRVH FRQGLWLRQ DQG  RI  FHOOV ORVW LQ  P0 JOXFRVH PHGLD $Q DGGLWLRQDO
FHOO ZDV ORVW E\ WG LQ WKH  P0 JOXFRVH FRQGLWLRQ 7KH QXPEHU RI FHOOV UHPDLQHG FRQVWDQW
XQWLO WG ZKHUH  DQG  RI (02/V VHOHFWHG DW W VXUYLYHG LQ  P0 RU  P0 JOXFRVH
VXSSOHPHQWHG PHGLD UHVSHFWLYHO\ )LJXUH  F
'XH WR OLPLWHG ELRORJLFDO UHSHDWV ZH WHQWDWLYHO\ FRQFOXGH WKDW D PDMRULW\ RI (02/V VXUYLYH
IRU  GD\V XQGHU JOXFRVH GHSULYDWLRQ LQ '0 +RZHYHU ZH FDQQRW UXOH RXW WKH SRVVLELOLW\
WKDW 23& GLIIHUHQWLDWLRQ LQWR (02/V DOVR FRQWULEXWHV WR WKH PDLQWHQDQFH RI (02/ FHOO
GHQVLWLHV
 5HLQWURGXFLQJ JOXFRVH GRHV QRW LQGXFH FHOO GHDWK LQ PL[HG JOLD
PDLQWDLQHG LQ HQHUJ\ VXEVWUDWH GHSULYHG PHGLD
7R GHWHUPLQH LI (02/V SHUVLVWHG LQ FXOWXUH EHFDXVH WKH\ FRXOG QRW H[HFXWH DSRSWRVLV
GXH WR HQHUJ\ LQVXIILFLHQF\ PL[HG JOLD ZHUH PDLQWDLQHG LQ  P0 JOXFRVH '0 XQWLO WG
WKHQ VXSSOHPHQWHG ZLWK  P0 JOXFRVH IRU  KRXUV &HOOV ZHUH WKHQ IL[HG DW WG DQG
LPPXQRVWDLQHG IRU FHOO W\SHVSHFLILF PDUNHUV DQG FOHDYHG FDVSDVH && D PDUNHU RI
DSRSWRVLV
$W WG GHQVLWLHV RI && '$3, QXFOHL DSSHDUHG VLPLODU LQ  RU  P0 JOXFRVH '0 :KHUH
SUHVHQW && DOZD\V FRORFDOLVHG ZLWK S\NQRWLF QXFOHL )LJXUH  D 7ZHQW\ IRXU KRXUV DIWHU
LQWURGXFLQJ  P0 JOXFRVH && FHOOV GLG QRW DSSHDU WR LQFUHDVH LQ IUHTXHQF\ FRPSDUHG WR





t0 t1d t2d t3d
t4d t5d t6d
5 mM DM
t0 t1d t2d t3d
t4d t5d t6d
0 mM DM























)LJXUH  _ $ PDMRULW\ RI (02/V SHUVLVW IURP W LQ '0(0EDVHG PHGLD ZLWKRXW
JOXFRVH 0D[LPXP LQWHQVLW\ SURMHFWLRQ FRQIRFDO LPDJHV RI VLQJOH (02/V ZKLWH 7G7RPDWR
H[SUHVVLQJ WDNHQ GDLO\ E\ OLYHFHOO LPDJLQJ XVLQJ D VSLQQLQJ GLVF FRQIRFDO PLFURVFRSH
GXULQJ FXOWXUH LQ D  RU E  P0 JOXFRVH VXSSOHPHQWHG '0 6FDOH EDU   P F
*UDSK RI SHUFHQWDJH RI FHOOV VHOHFWHG DW W WKDW ZHUH DOLYH DW LQFUHDVLQJ GD\V LQ FXOWXUH
EDVHG RQ LPDJLQJ D PLQLPXP RI  FHOOV 'DWD ZHUH REWDLQHG IURP  ELRORJLFDO UHSHDW
$EEUHYLDWLRQV '0 '0(0EDVHG PHGLD

&KDSWHU 
FHOO QXFOHL DSSHDUHG SDOH ZLWK DUHDV RI FRQGHQVHG FKURPDWLQ DQG ZHUH QHJDWLYH IRU &&
)LJXUH  E
7R FRQILUP WKDW FHOOV SHUVLVWLQJ LQ JOXFRVHIUHH '0 ZHUH QRW QHFURWLF ZH WUHDWHG PL[HG JOLD
ZLWK SURSLGLXP LRGLGH 3, $V SRVLWLYH FRQWUROV IRU QHFURVLV PL[HG JOLD ZHUH KHDWWUHDWHG
RU FXOWXUHG LQ 62 PHGLD IRU  GD\V &XOWXUHV PDLQWDLQHG LQ  RU  P0 JOXFRVH '0 RU 62
PHGLD ZLWK  P0 JOXFRVH KDG YHU\ IHZ 3, QXFOHL DW WG ,Q FRPSDULVRQ SRVLWLYH FRQWURO
FXOWXUHV KDG PDQ\ PRUH 3, QXFOHL )LJXUH  F +HDOWK\DSSHDULQJ '$3, QXFOHL GLG QRW
FRODEHO ZLWK 3, FHOOV XQGHU DQ\ FRQGLWLRQ
1H[W ZH SHUIRUPHG DQ /'+ DVVD\ RQ FHOO VXSHUQDWDQWV IURP PL[HG JOLD DW WG 6LPLODU
OHYHOV RI /'+ UHOHDVH ZHUH IRXQG LQ WKH  P0 JOXFRVH '0 FRQWURO FRPSDUHG WR  P0
'0 6LJQLILFDQWO\ PRUH /'+ UHOHDVH FRPSDUHG WR FRQWURO ZDV GHWHFWHG LQ WKH 62 PHGLD
FRQGLWLRQV SDUWLFXODUO\ ZKHQ JOXFRVH ZDV DEVHQW )LJXUH 6 D $GGLWLRQDOO\ WRWDO '$3,
FHOO GHQVLW\ DYHUDJHV UHSRUWHG LQ )LJXUH  D DQG /'+ UHOHDVH DVVD\ RSWLFDO GHQVLW\
DYHUDJHV GLVSOD\HG D VWURQJ 3HDUVRQ FRUUHODWLRQ US   )LJXUH 6 E
)LQDOO\ ZH WHVWHG WKH SRVVLELOLW\ WKDW WKH  P0 JOXFRVH '0 ZDV HUURQHRXVO\ FRQWDPLQDWHG
ZLWK DQ HQHUJ\ VXEVWUDWH E\ LQFXEDWLQJ DQ ³HQHUJ\KXQJU\´ FHOO SRSXODWLRQ LQ LW 0\HOLQDWLQJ
FXOWXUHV DW ',9  FRQWDLQ QHXURQV DVWURF\WHV 23&V PLFURJOLD DQG P\HOLQDWLQJ ROLJR
GHQGURF\WHV 7KHVH ZHUH VZLWFKHG IURP +( PHGLD WR '0 ZLWK  RU  P0 JOXFRVH IRU 
KRXUV $[RQV 60, DQG P\HOLQDWLQJ FHOOV 3/3 ZHUH PDLQWDLQHG LQ  P0 JOXFRVH
KRZHYHU ERWK ZHUH DEVHQW LQ  P0 JOXFRVH PHGLD DQG RYHUDOO FHOO GHQVLWLHV DSSHDUHG
UHGXFHG )LJXUH 6
7KHVH ILQGLQJV YDOLGDWH RXU FHOO GHQVLW\ TXDQWLILFDWLRQV DQG KHOS FRQILUP WKH FRPSRVLWLRQ
RI WKH JOXFRVHIUHH PHGLD ,Q DOO WKHVH GDWD VXSSRUW RXU ILQGLQJ WKDW D PDMRULW\ RI (02/V
FDQ VXUYLYH LQ FXOWXUH LQ WKH DEVHQFH RI H[RJHQRXV HQHUJ\ VRXUFHV VXFK DV JOXFRVH EXW
DOVR S\UXYDWH DQG JOXWDPLQH IRU DQ H[WHQGHG WLPH LI SURYLGHG ZLWK WKH DPLQR DFLGV DQGRU








































DAPI CC3 Merge CC3 DAPICNP CC3
t5d
t6d
)LJXUH  _ 0DUNHUV RI FHOO GHDWK DUH QRW QRWLFHDEO\ LQFUHDVHG LQ PL[HG JOLDO FXOWXUHV
DIWHU  GD\V LQ JOXFRVHIUHH PHGLXP RU IROORZLQJ JOXFRVH UHLQWURGXFWLRQ ,OOXVWUDWLYH
LPPXQRIOXRUHVFHQFH LPDJHV RI PL[HG JOLDO FXOWXUHV D &XOWXUHV JURZQ LQ '0 ZLWK  RU
 P0 JOXFRVH DW WG KDG IHZ FOHDYHG FDVSDVH FHOOV && PDJHQWD DUURZV E DQG
QR LQFUHDVH LQ && VWDLQLQJ ZDV REVHUYHG LQ (02/V ZKLWH &13  KRXUV DIWHU WKH
DGGLWLRQ RI  P0 JOXFRVH WR GHSULYHG FXOWXUHV  * 6FDOH EDU   P IRU RYHUYLHZ
LPDJHV DQG  P IRU KLJK PDJQLILFDWLRQ LPDJHV F 3URSLGLXP LRGLGH 3, UHG ODEHOOLQJ RI
FXOWXUHV JURZQ LQ '0 RU 62 PHGLD ZLWK DQG ZLWKRXW  P0 JOXFRVH +HDOWK\DSSHDULQJ
QXFOHL EOXH '$3, GLG QRW FRODEHO ZLWK 3, +HDWWUHDWHG FXOWXUHV VHUYHG DV D SRVLWLYH
FRQWURO IRU 3, VWDLQ 6FDOH EDU   P 5HSUHVHQWDWLYH LPDJHV IURP D VLQJOH H[SHULPHQW
$EEUHYLDWLRQV '0 '0(0EDVHG PHGLD 62 VDOWVRQO\

&KDSWHU 
 (02/V DUH WROHUDQW WR ,)1  DQG 71) FRPSDUHG WR
DVWURF\WHV
7R WHVW WKH VXVFHSWLELOLW\ RI VSLQDO FRUG (02/V WR LQIODPPDWRU\ IDFWRUV SUHVHQW LQ WKH
K\SR[LFLVFKDHPLF HQYLURQPHQW PL[HG JOLDO FXOWXUHV ZHUH JURZQ LQ  P0 JOXFRVH '0 ZLWK
 QJP/ ,)1  DQG  QJP/ 71) IRU  GD\V $V DQ DGGLWLRQDO VWUHVVRU VRPH FHOOV ZHUH
JURZQ LQ XQVXSSOHPHQWHG '0  P0 JOXFRVH +HDW LQDFWLYDWHG +, F\WRNLQHV ZHUH XVHG
LQ FRQWURO FXOWXUHV DQG DOO ZHUH DVVHVVHG TXDOLWDWLYHO\ E\ LPPXQRIOXRUHVFHQFH
&RPSDUHG WR FRQWURO FXOWXUHV  P0 JOXFRVH ZLWK +, F\WRNLQHV )LJXUH  D WUHDWPHQW
ZLWK ,)1  DQG 71) UHVXOWHG LQ D UHGXFWLRQ RI '$3, FHOOV RYHUDOO ZLWK D SDUWLFXODU ORVV RI
DVWURF\WHV (02/V ZHUH QRW DV YXOQHUDEOH DQG DSSHDUHG VLPLODU WR FRQWURO )LJXUH  E
&RPSDUHG WR WKHVH F\WRNLQHWUHDWHG FXOWXUHV JURZQ LQ  P0 JOXFRVH DSSHDUHG VLPLODU
VXJJHVWLQJ WKH ODFN RI JOXFRVH GLG QRW FRPSRXQG WKH HIIHFW RI LQIODPPDWRU\ IDFWRUV
7KHVH GDWD VXJJHVW WKDW (02/V DUH OHVV VXVFHSWLEOH WKDQ DVWURF\WHV WR WKH LQIODPPDWRU\

































)LJXUH  _ ,QIODPPDWRU\ IDFWRUV GR QRW DSSHDU WR LPSDFW (02/V ZKHUHDV DVWUR
F\WHV DSSHDU YXOQHUDEOH DIWHU  ',9 ,OOXVWUDWLYH LPDJHV RI PL[HG JOLDO FXOWXUHV DIWHU 
GD\V RI WUHDWPHQW ZLWK ,)1  DQG 71) LQ '0 ZLWK DQG ZLWKRXW  P0 JOXFRVH D &RQWURO
FXOWXUHV ZHUH WUHDWHG ZLWK KHDWLQDFWLYDWHG +, LQIODPPDWRU\ IDFWRUV E 7UHDWPHQW ZLWK
71) DQG ,)1  UHVXOWHG LQ ORVV RI DVWURF\WHV PDJHQWD *)$3 DQG UHGXFHG FHOO GHQVLWLHV
RYHUDOO EOXH '$3, (02/V ZKLWH &13 GLG QRW DSSHDU YXOQHUDEOH DW  GD\V *OX
FRVH GHSULYDWLRQ GLG QRW DSSHDU WR FRPSRXQG WKH HIIHFWV RI LQIODPPDWRU\ IDFWRU H[SRVXUH
2EVHUYDWLRQV UHSUHVHQWDWLYH RI  ELRORJLFDO UHSHDWV IURP  LQGHSHQGHQW OLWWHUV 6FDOH EDU




,Q WKLV FKDSWHU ZH XVHG RXU PRGHO RI VSLQDO FRUG ZKLWH PDWWHU JOLD FKDUDFWHULVHG LQ &KDS
WHU  WR H[DPLQH WKH LQWULQVLF UHVSRQVHV RI VSLQDO FRUG (02/V DQG RWKHU JOLD WR LQGLYLGXDO
VHFRQGDU\ FRPSRQHQWV RI WKH K\SR[LF HQYLURQPHQW 8VLQJ WKLV PRGHO ZKLFK ODFNV WKH
FRQIRXQGLQJ HIIHFWV RI QHXURQDO FHOO GHDWK ZH IRXQG WKDW VSLQDO FRUG (02/V ZHUH YXO
QHUDEOH ZKHQ FXOWXUHG IRU  GD\V LQ DQ HQYLURQPHQW PLPLFNLQJ ODFWLF DFLGRVLV RU ZKHQ
FXOWXUHG LQ WKH DEVHQFH RI DPLQR DFLGV DQG YLWDPLQV ,Q FRQWUDVW (02/V ZHUH UHODWLYHO\
UHVLVWDQW WR LQIODPPDWRU\ LQVXOW FRPSDUHG WR DVWURF\WHV DQG PRVW VXUSULVLQJO\ WR  GD\V
RI FXOWXUH LQ WKH DEVHQFH RI H[RJHQRXV HQHUJ\ VXEVWUDWHV 7R XQGHUVWDQG WKHVH UHVXOWV
ZH GLVFXVV EHORZ WKH UREXVWQHVV RI RXU DVVD\ DQG WKH SRVVLEOH FRQWULEXWLRQ RI DOWHUQDWLYH
HQHUJ\ VRXUFHV WR PDLQWDLQ JOLDO FHOO YLDELOLW\
$FLGRVLV LV D FRQVHTXHQFH RI R[\JHQ GHSULYDWLRQ ZKLFK IRUFHV FHOOV WR XVH DQDHURELF
UHVSLUDWLRQ DQG FDXVHV WKH DFFXPXODWLRQ RI H[WUDFHOOXODU ODFWLF DFLG :H VKRZHG WKDW
IROORZLQJ  GD\V LQFXEDWLRQ VSLQDO FRUG (02/V ZHUH YXOQHUDEOH WR DQ DFLGLF H[WUDFHOOXODU
PLOLHX 7KHVH GDWD DUH FRPSDWLEOH ZLWK SULRU UHSRUWV 7KH HIIHFWV RI DFLGRVLV SHU VH ZHUH
VKRZQ WR VHYHUHO\ LPSDLU QHXUDO WLVVXH UHFRYHU\ DIWHU ODFWDWH FOHDUDQFH LQ YLYR 5HKQFURQD
HW DO  DQG LV D VLJQLILFDQW SDWKRORJLFDO IDFWRU LQ QHRQDWDO EUDLQ K\SR[LF LQMXU\ 3DQJ
HW DO  )XUWKHUPRUH -DJLHOVND HW DO  IRXQG WKDW ZKLOVW UDW EUDLQGHULYHG 23&V
PLJUDWH WRZDUGV DQ DFLGLF HQYLURQPHQW S+ RI  VXUYLYDO SUROLIHUDWLRQ DQG PDWXUDWLRQ
LQWR P\HOLQDWLQJ FHOOV LV FRPSURPLVHG FRPSDUHG WR S+  7KHUHIRUH ZH H[WHQG WKH
FXUUHQW XQGHUVWDQGLQJ RI ROLJRGHQGURJOLDO YXOQHUDELOLW\ WR DFLGRVLV E\ VKRZLQJ VSLQDO FRUG
(02/V DUH DOVR VXVFHSWLEOH
,Q FRQWUDVW WR (02/V DW S+  DVWURF\WH GHQVLWLHV ZHUH PDLQWDLQHG FRPSDUHG WR W
&RQYHUVHO\ DW SK\VLRORJLFDO S+ DVWURF\WH GHQVLWLHV LQFUHDVHG ⇠IROG FRPSDUHG WR VWDUWLQJ
YDOXHV 7KLV VXJJHVWV WKDW DVWURF\WH SUROLIHUDWLRQ RU GLIIHUHQWLDWLRQ IURP SUHFXUVRUV LV
DGYHUVHO\ LPSDFWHG E\ DFLGRVLV EXW VXUYLYDO LV QRW 1RUHQEHUJ HW DO  DQG 6ZDQVRQ
HW DO  VKRZHG WKDW QHRQDWDO UDW EUDLQ DVWURF\WHV LQ YLWUR ZHUH VXVFHSWLEOH WR GHDWK
ZLWKLQ  KRXUV RI H[WUDFHOOXODU DFLGRVLV DW S+   ZKHUHDV FHOOV UHPDLQHG YLDEOH IRU DW OHDVW
 KRXUV DW S+  7KHVH DFXWH GDWD DJUHH ZLWK RXU REVHUYDWLRQV DQG VXJJHVW DVWURF\WHV
DUH RQO\ YXOQHUDEOH WR H[WUHPH DFLGRVLV

&KDSWHU 
,Q JHQHUDO WKH ODFN RI H[RJHQRXV HQHUJ\ VXEVWUDWHV GLG QRW FRPSRXQG WKH HIIHFWV RI
DFLGRVLV RQ (02/V RU DVWURF\WHV 0LFURJOLD GHQVLWLHV KRZHYHU ZHUH VLJQLILFDQWO\ JUHDWHU
WKDQ FRQWUROV IROORZLQJ FRPELQHG DFLGRVLV DQG JOXFRVH GHSULYDWLRQ 7KLV LV OLNHO\ GXH WR
PLFURJOLDO DFWLYDWLRQ DQG SUROLIHUDWLRQ DQ HIIHFW VHHQ LQ DQ LQIODPPDWRU\ PLFURHQYLURQPHQW
6DWR HW DO  5LW]HO HW DO  7KH DFWLYDWLRQ RI PLFURJOLD DV D FRQWULEXWRU WR LQMXU\ LQ
WKH K\SR[LF HQYLURQPHQW VKRXOG QRW EH RYHUORRNHG DV SURLQIODPPDWRU\ F\WRNLQHV VHFUHWHG
E\ WKHP FDQ JHQHUDWH D VHOIVXVWDLQLQJ SRVLWLYHIHHGEDFN ORRS WKDW LV F\WRWR[LF WR RWKHU JOLD
.XQR HW DO 
7KH ODFN RI JOXFRVH GHOLYHU\ WR WKH &16 GXULQJ K\SR[LDLVFKDHPLD UHVXOWV LQ FHOOXODU HQHUJ\
IDLOXUH DQG FHOO GHDWK UHYLHZHG LQ 6KDODN DQG 3HUOPDQ  ,Q FRQWUDVW DQG WR RXU
VXUSULVH ZH IRXQG WKDW GHSULYLQJ PL[HG JOLD RI JOXFRVH S\UXYDWH DQG JOXWDPLQH GLG QRW
VLJQLILFDQWO\ UHGXFH (02/ FHOO GHQVLWLHV DIWHU  GD\V LQ YLWUR $V PHQWLRQHG LQ &KDSWHU 
RWKHUV KDYH UHSRUWHG WKDW H[ YLYR UDW KLSSRFDPSDO VOLFHV DUH PDLQWDLQHG XQGHU JOXFRVH
GHSULYDWLRQ IRU DW OHDVW  KRXUV OLNHO\ GXH WR DVWURF\WH JO\FRJHQGHULYHG ODFWDWH &DWHU
HW DO  7KH (02/ OLNHO\ UHFHLYHV JO\FRJHQGHULYHG ODFWDWH XQGHU JOXFRVH GHSULYDWLRQ
LQ RXU PRGHO V\VWHP KRZHYHU LW VHHPV XQOLNHO\ WKDW DVWURF\WH JO\FRJHQ DORQH FRXOG VXVWDLQ
PL[HG JOLD IRU  GD\V LQ WKH DEVHQFH RI H[RJHQRXV HQHUJ\ VXEVWUDWHV
'ULQJHQ DQG RWKHUV VKRZHG WKDW JO\FRJHQ VWRUHV LQ EUDLQGHULYHG DVWURF\WHV DUH GHSOHWHG
XQGHU JOXFRVH GHSULYDWLRQ DIWHU RQO\  WR  KRXUV LQ YLWUR 7KH DXWKRUV PDLQWDLQHG UDW RU
PRXVH DVWURF\WHV LQ  P0 JOXFRVH ZLWK  IRHWDO FDOI VHUXP XQWLO ',9  WKHQ IRXQG
VXEVHTXHQW JOXFRVH GHSULYDWLRQ GHSOHWHG JO\FRJHQ VWRUHV LQ ⇠ PLQXWHV 'ULQJHQ HW DO
D RU ⇠PLQXWHV 'ULQJHQ DQG +DPSUHFKW  UHVSHFWLYHO\ ,Q WKHVH H[SHULPHQWV
FHOOV ZHUH PDLQWDLQHG DW WLPHV WKH GHQVLW\ XVHG LQ RXU FXOWXUHV DQG LW LV QRW FOHDU LI WKH
 IRHWDO FDOI VHUXP ZDV UHPRYHG GXULQJ WKHLU JO\FRJHQ DVVD\V 1RWDEO\ DVWURF\WH
VXUYLYDO ZDV QRW DVVHVVHG DIWHU JO\FRJHQ VWRUHV ZHUH GHSOHWHG WKHUHIRUH LW LV QRW NQRZQ
IRU KRZ ORQJ WKH\ UHPDLQHG YLDEOH DIWHU JO\FRJHQ ZDV H[KDXVWHG LQ JOXFRVHIUHH PHGLD
7KHVH VWXGLHV QRQHWKHOHVV KLJKOLJKW VSHFLHVGHSHQGHQW GLIIHUHQFHV LQ EUDLQ JO\FRJHQ
PHWDEROLVP ,Q ERWK VWXGLHV LQ YLWUR PDWXUHG FHOOV ZHUH XVHG ZKLFK PLJKW KDYH DQ DOWHUHG
FHOOXODU PHWDEROLVP FRPSDUHG WR WKH DFXWHO\ REWDLQHG FHOOV XVHG LQ RXU H[SHULPHQWV

&KDSWHU 
([SHULPHQWDO UHSRUWV RQ WKH HIIHFWV RI H[WHQGHG JOXFRVH GHSULYDWLRQ LQ SULPDU\ DVWURF\WH
FXOWXUHV DUH OLPLWHG ,Q RQH VWXG\ VXUYLYLQJ DVWURF\WHV REWDLQHG IURP PRXVH EUDLQ ZHUH
UHGXFHG E\ RYHU  DW  KRXUV IROORZLQJ JOXFRVH GHSULYDWLRQ /L HW DO  ,Q /L¶V
VWXG\ DVWURF\WHV ZHUH PDLQWDLQHG LQ 0LQLPDO (VVHQWLDO 0HGLXP ZKLFK FRQWDLQV DERXW D
TXDUWHU RI WKH FRQFHQWUDWLRQ RI DPLQR DFLGV DQG YLWDPLQV SUHVHQW LQ '0(0 $GGLWLRQDOO\ LQ
FRQWUDVW WR XV WKH DXWKRUV GLG QRW LQFOXGH 1 KRUPRQH VXSSOHPHQW LQVXOLQ SURJHVWHURQH
DSRWUDQVIHUULQ VRGLXP VHOHQLWH RU ELRWLQ LQ DQ\ FRQGLWLRQ 0RUHRYHU WKH SODWLQJ GHQVLW\
ZDV QRW UHSRUWHG $ VWXG\ FRQGXFWHG E\ .RJHO HW DO  ZKHUH UDW EUDLQ DVWURF\WHV ZHUH
FXOWXUHG IRU XS WR  GD\V LQ '0(0 FRQWDLQLQJ  P0  P0 RU  P0 JOXFRVH LV PRUH
FRPSDUDEOH WR RXUV +RZHYHU WKH DXWKRUV XVHG /'+ UHOHDVH DV DQ RXWSXW RI FHOO GHDWK
VR ZH FDQQRW GLUHFWO\ FRPSDUH WKHLU GDWD ZLWK RXUV 1RQHWKHOHVV WKHLU GDWD VXJJHVW WKDW
 RI DVWURF\WHV ZHUH ORVW LQ JOXFRVHIUHH PHGLD DW  ',9 DOWKRXJK S\UXYDWH ZDV SUHVHQW
DW DQ XQUHSRUWHG FRQFHQWUDWLRQ &RPSOLFDWLQJ WKH LQWHUSUHWDWLRQ LV WKH IDFW WKDW /'+ KDV
D KDOIOLIH RI  KRXUV DQG FDQQRW EH XVHG DV D FXPXODWLYH LQGLFDWRU RI FHOO ORVV ,Q ERWK
VWXGLHV GHVFULEHG DERYH LQ YLWUR GLIIHUHQWLDWHG DVWURF\WHV ZHUH XVHG ZKLFK DV PHQWLRQHG
SUHYLRXVO\ PLJKW H[KLELW GLIIHUHQW PHWDEROLF YXOQHUDELOLWLHV FRPSDUHG WR FHOOV KDUYHVWHG
DFXWHO\ IURP WLVVXH ,Q DOO GDWD RQ DVWURF\WH YXOQHUDELOLW\ WR JOXFRVH DV ZHOO DV JOXWDPLQH
DQG S\UXYDWH GHSULYDWLRQ LV ODFNLQJ WKRXJK RXU GDWD GHPRQVWUDWH GHQVLWLHV DUH QRW DIIHFWHG
E\ H[RJHQRXV HQHUJ\ VXEVWUDWH GHSULYDWLRQ RU DPLQR DFLG DQG YLWDPLQ ZLWKGUDZDO IRU 
GD\V DW OHDVW
23&V LQ WKH VSLQDO FRUG FDQ SUROLIHUDWH DQG UHSODFH ORVW ROLJRGHQGURF\WHV DV VKRZQ LQ
VSLQDO FRUG LQMXU\ %ODNHPRUH  DQG GHP\HOLQDWLQJ GLVHDVH UHYLHZHG LQ )UDQNOLQ
DQG IIUHQFK&RQVWDQW  ,Q IDFW GLUHFW LQMXU\ WR (02/V LQ WKH VSLQDO FRUG DW 3
UHVXOWHG LQ RQO\ WHPSRUDU\ K\SRP\HOLQDWLRQ WKDW ODUJHO\ UHVROYHG DIWHU  ZHHNV GXH WR WKH
SUROLIHUDWLRQ RI 23&V &DSUDULHOOR HW DO  0LJKW 23& SUROLIHUDWLRQ DQG GLIIHUHQWLDWLRQ
PDLQWDLQ (02/ GHQVLWLHV DOVR LQ RXU PRGHO V\VWHP" :H VKRZHG XVLQJ OLYHFHOO LPDJLQJ
WKDW D PDMRULW\ RI VSLQDO FRUG (02/V SUHVHQW DW WKH VWDUW RI RXU H[SHULPHQWV UHPDLQHG DW
WKH HQG 0RUHRYHU RXU WRWDO FHOO GHQVLWLHV GLG QRW FKDQJH EHWZHHQ W DQG WG LQ  RU  P0
JOXFRVH '0 PDNLQJ LW XQOLNHO\ WKDW FHOOV SUROLIHUDWHG LQ UHVSRQVH WR JOXFRVH GHSULYDWLRQ
+RZHYHU SUROLIHUDWLRQ PDWFKHG WR WKH UDWH RI FHOO GHDWK VKRXOG QRW EH GLVFRXQWHG 7KXV
ZH WHQWDWLYHO\ FRQFOXGH WKDW FHOO GHQVLWLHV ZHUH XQOLNHO\ PDLQWDLQHG E\ 23& SUROLIHUDWLRQ

&KDSWHU 
DQG GLIIHUHQWLDWLRQ RYHU WKH FRXUVH RI  GD\V LQ JOXFRVHIUHH '0
:H VRXJKW WR HQVXUH FHOO GHQVLWLHV ZHUH QRW DUWHIDFWXDOO\ PDLQWDLQHG LQ  P0 JOXFRVH '0
GXH WR VORZ FHOO GHDWK E\ QHFURVLV :H GLG QRW REVHUYH GLIIHUHQFHV LQ 3, RU && FHOO
QXPEHUV DW WG EHWZHHQ  RU  P0 JOXFRVH ZKLFK VXJJHVWHG FHOOV LQ WKH ODWWHU FRQGLWLRQ
ZHUH LQGHHG YLDEOH 7KHUHIRUH ZH FRQFOXGHG WKDW PL[HG JOLD LQ  P0 JOXFRVH '0 PXVW
KDYH DFFHVV WR DQ HQGRJHQRXV HQHUJ\ VRXUFH WR PDLQWDLQ FHOOXODU LQWHJULW\ LQ WKH DEVHQFH
RI JOXFRVH DV ZHOO DV JOXWDPLQH DQG S\UXYDWH 7KH SRVVLELOLW\ WKDW DVWURF\WH JO\FRJHQ
VXSSRUWV (02/V KDV DOUHDG\ EHHQ GLVFXVVHG KHUH DQG LQ &KDSWHU 
2OLJRGHQGURJOLD UHTXLUH DXWRSKDJ\ IRU FHOO VXUYLYDO DQG PDWXUDWLRQ 6PLWK HW DO 
%DQNVWRQ HW DO  6WRQH HW DO  DQG H[SUHVV KLJK OHYHOV RI DXWRSKDJ\UHODWHG
SURWHLQV %DQNVWRQ HW DO  :H K\SRWKHVLVHG (02/ DXWRSKDJ\ PLJKW SURYLGH DQ
DOWHUQDWLYH VRXUFH RI HQHUJ\ VXEVWUDWHV DQG FRQWULEXWH WR (02/ PDLQWHQDQFH XQGHU H[RJH
QRXV HQHUJ\ VXEVWUDWH GHSULYDWLRQ $FWLYH DXWRSKDJ\ LQ VWDUYHG FHOOV UHGXFHV FHOO VL]H DV
REVHUYHG LQ LPPRUWDOLVHG FHOO OLQHV /XP HW DO  +RVRNDZD HW DO  KRZHYHU ZH
H[FOXGHG DXWRSKDJ\ DV D PDMRU PHDQV WR PDLQWDLQ (02/V XSRQ ILQGLQJ FHOO JURZWK ZDV
QRW VDFULILFHG
$OWKRXJK ROLJRGHQGURF\WHV GR QRW VWRUH JO\FRJHQ WKH\ DUH OLSLGULFK FHOOV WKDW FRXOG LQ
WKHRU\ XVH WKHLU PHPEUDQH OLSLGV DV D IXHO VRXUFH +RZHYHU WKH IXQFWLRQ RI (02/V LV WR
V\QWKHVLVH HQRUPRXV TXDQWLWLHV RI P\HOLQ OLSLG DQG LW LV WKHUHIRUH EHOLHYHG WKDW P\HOLQDWLQJ
JOLD GR QRW IDYRXU OLSLGV DV D IXHO VRXUFH 6FK|QIHOG DQG 5HLVHU  3RLWHORQ HW DO
 0RUHRYHU WKH VXEMHFW RI &16  R[LGDWLRQ LV KLJKO\ GHEDWHG DQG DVWURF\WHV DUH WKH
RQO\ QHXUDO FHOO FRQVLGHUHG OLNHO\ WR GR VR LQ YLYR (EHUW HW DO  7KH SRVVLEOH XVH RI
HQGRJHQRXV OLSLGV DV DQ HQHUJ\ VXEVWUDWH LQ RXU PL[HG JOLDO FXOWXUH V\VWHP LV DQ LPSRUWDQW
TXHVWLRQ DQG LV H[SORUHG LQ &KDSWHU 
7R RXU NQRZOHGJH IHZ JURXSV KDYH H[DPLQHG WKH HIIHFWV RI DPLQR DFLG DQG YLWDPLQ
GHSULYDWLRQ RQ QHXUDO FHOOV IRU DQ H[WHQGHG WLPH 5RQH HW DO  H[DPLQHG WKH HIIHFW
RI ZLWKGUDZLQJ KRUPRQHV 1 LQVXOLQ DSRWUDQVIHUULQ VRGLXP VHOHQLWH SXWUHVFLQH DQG
SURJHVWHURQH IURP '0(0 RQ KXPDQ ROLJRGHQGURF\WH FXOWXUHV DQG IRXQG  RI FHOOV
UHPDLQHG YLDEOH DIWHU  GD\V LQ  P0 JOXFRVH +RZHYHU WKHLU FRQWURO FRQGLWLRQ ZLWK 1
ZKHUH OLWWOH FHOO GHDWK RFFXUUHG ZDV PDGH XVLQJ '0(0) FRQWDLQV S\UXYDWH OLQROHLF

&KDSWHU 
DFLG DQG OLSRLF DFLG PDNLQJ LW KDUG WR FRQFOXGH ZKHWKHU KRUPRQHV DQGRU DGGLWLRQDO
'0(0) FRPSRQHQWV NHSW WKHLU KXPDQ ROLJRGHQGURF\WH DOLYH 7KHVH DGGLWLRQDO IDFWRUV
ZHUH QRW UHTXLUHG WR PDLQWDLQ PRXVH VSLQDO FRUG JOLD LQ YLWUR DQG ZH VKRZ WKDW UHPRYDO
RI DPLQR DFLGV DQG YLWDPLQV DORQH LV GHWULPHQWDO WR (02/ VXUYLYDO &RQVLGHULQJ DOO WKHVH
GDWD LQWHUUXSWLRQ LQ WKH VXSSO\ RI DPLQR DFLGV YLWDPLQV DQG KRUPRQHV LQ WKH FRQWH[W
RI K\SR[LDLVFKDHPLD LV OLNHO\ D FRQWULEXWLQJ SDWKRORJLFDO IDFWRU VLQFH WKHVH QXWULHQWV DUH
VXSSOLHG E\ WKH EORRGVWUHDP
+LJK H[WUDFHOOXODU OHYHOV RI 71) DQG ,)1  LQGXFH DSRSWRVLV LQ EUDLQGHULYHG ROLJRGHQGUR
F\WHV E\ DFWLQJ RQ PHPEUDQHH[SUHVVHG UHFHSWRUV 3UREHUW HW DO  9DUWDQLDQ HW DO
 'RSS HW DO  $JUHVWL HW DO  $NDVVRJORX HW DO  3RXO\ HW DO 
%RKDWVFKHN HW DO  ,Q SDUWLFXODU 71)UHFHSWRU  H[SUHVVHG E\ ROLJRGHQGURF\WHV
DQG DVWURF\WHV FRQWDLQV DQ LQWUDFHOOXODU GHDWK GRPDLQ WKDW WULJJHUV FDVSDVHGHSHQGHQW
DSRSWRVLV ZKHQ DFWLYDWHG 1DND]DZD HW DO  )XUWKHU 71) HQKDQFHV WKH LQMXULRXV
HIIHFW RI ,)1  $QGUHZV HW DO  DQG ERWK F\WRNLQHV DUH UHOHDVHG IROORZLQJ K\SR[LF
LQMXU\ LQ YLYR 'DZVRQ HW DO  'DUQDOO HW DO  3UHYLRXVO\ PRXVH EUDLQGHULYHG
(02/V ZHUH UHSRUWHG YXOQHUDEOH WR 71) DIWHU  ',9 +LVDKDUD HW DO  DQG XQGHU
VLPLODU FRQGLWLRQV LQ D PL[HG JOLDO FXOWXUH V\VWHP <H DQG '¶(UFROH  EXW XVLQJ WZLFH
WKH FRQFHQWUDWLRQ ZH XVHG ,Q RXU VWXG\ VSLQDO FRUG (02/V GLG QRW DSSHDU YXOQHUDEOH
WR WUHDWPHQW ZLWK WKHVH F\WRNLQHV $VWURF\WHV KRZHYHU ZHUH VXVFHSWLEOH DV SUHYLRXVO\
UHSRUWHG LQ YLWUR .UDOLQJHQ HW DO  'HSULYLQJ PL[HG JOLD RI JOXFRVH GXULQJ H[SRVXUH
WR ,)1  DQG 71) GLG QRW DSSHDU WR FRPSRXQG WKH HIIHFWV RI WKHVH LQIODPPDWRU\ IDFWRUV
7KHUHIRUH RXU GDWD VXJJHVW WKDW D SRSXODWLRQ RI VSLQDO FRUG (02/V DUH VRPHZKDW UHVLVWDQW
WR LQIODPPDWRU\ LQVXOW DOWKRXJK WKH WUXH OHYHOV RI F\WRNLQHV LQ YLYR DUH QRW NQRZQ
,Q WKLV FKDSWHU ZH H[DPLQHG WKH UHVSRQVH RI VSLQDO FRUG (02/V WR LQGLYLGXDO VHFRQGDU\
FRPSRQHQWV RI WKH K\SR[LF HQYLURQPHQW VLQFH WROHUDQFH WR WKHVH FRXOG DFFRXQW IRU ZK\
WKH\ DSSHDU UHVLVWDQW WR K\SR[LD LQ YLYR :H VKRZHG WKDW VSLQDO FRUG (02/V DUH YXOQHUDEOH
WR H[WUDFHOOXODU DFLGRVLV DQG GHSULYDWLRQ RI DPLQR DFLGV DQG YLWDPLQV EXW DUH UHVLVWDQW WR
GHSULYDWLRQ RI H[RJHQRXV HQHUJ\ VXEVWUDWHV DQG H[SRVXUH WR LQIODPPDWRU\ IDFWRUV 2XU GDWD
GHPRQVWUDWLQJ WKDW VSLQDO FRUG (02/V DQG JOLD FDQ VXUYLYH  GD\V RI JOXFRVH GHSULYDWLRQ
DUH UHPDUNDEOH 7KHUHIRUH ZH H[SORUH SRWHQWLDO PHWDEROLF DGDSWDWLRQV DQG IXHO VRXUFHV
WKDW PLJKW DOORZ VXUYLYDO XQGHU H[RJHQRXV HQHUJ\ VXEVWUDWH GHSULYDWLRQ QH[W LQ &KDSWHU 

&KDSWHU 
6SLQDO FRUG HDUO\ P\HOLQDWLQJ
ROLJRGHQGURF\WHV DQG DVWURF\WHV PLJKW




2OLJRGHQGURF\WHV DQG DVWURF\WHV DUH KLJKO\ LQWHUFRQQHFWHG E\ JDS MXQFWLRQV WKDW DOORZ
WKH WUDQVIHU RI ORZ PROHFXODU ZHLJKW PROHFXOHV LQFOXGLQJ HQHUJ\ VXEVWUDWHV DQG JO\FRO\WLF
HQG SURGXFWV 2UWKPDQQ0XUSK\ HW DO  +HUW] HW DO  +LUUOLQJHU DQG 1DYH
 ,Q &KDSWHU  ZH IRXQG VSLQDO FRUG (02/V ZHUH UHPDUNDEO\ UHVLVWDQW WR H[RJHQRXV
HQHUJ\ VXEVWUDWH GHSULYDWLRQ LQ RXU PL[HG JOLDO FXOWXUH V\VWHP DQG K\SRWKHVLVHG DVWURF\WHV
ZKLFK VWRUH JO\FRJHQ PLJKW EH PDLQWDLQLQJ WKH FHOOV DV REVHUYHG LQ H[ YLYR RSWLF QHUYH
SUHSDUDWLRQV :HQGHU HW DO  7HNN|N HW DO  +RZHYHU JO\FRJHQ VWRUHV DUH
OLPLWHG DQG ZH PXVW WKHUHIRUH FRQVLGHU DOWHUQDWLYH HQHUJ\ VRXUFHV 5HFHQWO\ OLSLG GURSOHWV
ZHUH UHSRUWHG ZLWKLQ JOLD LQ WKH 'URVRSKLOD EUDLQ XQGHU KRPHRVWDWLF FRQGLWLRQV 6PROLþ
HW DO  DQG LW LV NQRZQ WKDW WKH &16 FDQ VHTXHVWHU )$V IURP VHUXP LQ FLUFXODWLRQ DV
VKRZQ LQ DGXOW UDWV DQG HDUO\ SRVWQDWDO PLFH 3DUGULGJH DQG 0LHWXV  &DPDUJR HW DO
 &XOWXUHG DVWURF\WHV DFFXPXODWH VPDOO 7*ULFK RUJDQHOOHV FDOOHG OLSLG GURSOHWV ZKHQ
JURZQ LQ VHUXPULFK PHGLXP ZKLFK FDQ SURYLGH DQ LQWUDFHOOXODU OLSLG VWRUH IRU  R[LGDWLRQ
XQGHU VXEVHTXHQW JOXFRVH GHSULYDWLRQ )DUPHU HW DO  ,QGHHG PHWDEROLVP RI OLSLG
GURSOHWV KDV EHHQ VKRZQ WR PDLQWDLQ FHOO YLDELOLW\ XQGHU H[RJHQRXV HQHUJ\ GHSULYDWLRQ LQ
QRQ&16 FHOO W\SHV &DERGHYLOOD HW DO  DQG FRXOG LQ WKHRU\ VXSSRUW DVWURF\WHV DQG
RWKHU JOLD LQ WKH DEVHQFH RI H[RJHQRXV HQHUJ\ VXSSOLHV 7KHUHIRUH LQ WKLV FKDSWHU ZH
H[SORUHG KRZ (02/V PLJKW REWDLQ HQHUJ\ VXEVWUDWHV WR VXVWDLQ FHOOXODU HQHUJ\ PHWDEROLVP
LQ WKH DEVHQFH RI H[RJHQRXV JOXFRVH S\UXYDWH DQG JOXWDPLQH
7KH VSHFLILF DLPV ZHUH WR
L 'HWHUPLQH LI WUDQVFHOOXODU WUDQVSRUW RI JDS MXQFWLRQ SHUPHDEOH G\HV D VXUURJDWH IRU
HQHUJ\ VXEVWUDWHV RFFXUV EHWZHHQ (02/V DQG DVWURF\WHV LQ RXU PL[HG JOLDO PRGHO
LL ([SORUH WKH PHWDEROLF DGDSWDWLRQV RI PL[HG JOLD DW WKH OHYHO RI P51$ H[SUHVVLRQ WKDW
PLJKW H[SODLQ WKHLU VXUYLYDO XQGHU H[RJHQRXV HQHUJ\ VXEVWUDWH GHSULYDWLRQ
LLL $VVHVV FKDQJHV LQ OLSLG DEXQGDQFH LQ PL[HG JOLD DQG (02/V IROORZLQJ  GD\V RI
H[RJHQRXV HQHUJ\ VXEVWUDWH GHSULYDWLRQ DV DQ LQGLFDWRU RI ZKHWKHU OLSLGV PLJKW EH
XVHG DV DQ HQHUJ\ VRXUFH




 (02/V H[WHQG QDQRWXEHOLNH VWUXFWXUHV WRZDUGV
DVWURF\WHV WKDW DOORZ WKH H[FKDQJH RI PDWHULDOV
$IWHU FXOWXULQJ PL[HG JOLD IRU  GD\V ZH REVHUYHG WKDW (02/V H[WHQGHG ORQJ QDUURZ
QDQRWXEHOLNH VWUXFWXUHV VXEVHTXHQWO\ UHIHUUHG WR DV QDQRWXEHV WRZDUGV DVWURF\WHV DQG
K\SRWKHVLVHG WKHVH FRXOG SURYLGH D EULGJH IRU WKH WUDQVIHU RI PHWDEROLF VXEVWUDWHV XQGHU
H[RJHQRXV HQHUJ\ VXEVWUDWH GHSULYDWLRQ 1DQRWXEHV ZHUH &13 VXJJHVWLQJ WKH\ ZHUH
F\WRSODVPILOOHG )LJXUH  D DQG SRVLWLYH IRU  WXEXOLQ ,9 DQG )DFWLQ )LJXUH  E F
%\ JHQHUDWLQJ FXOWXUHV IURP PLFH H[SUHVVLQJ &QSP(RV376 ZH REVHUYHG P(RV
ROLJRGHQGURJOLDO SHUR[LVRPHV ZLWKLQ QDQRWXEHV )LJXUH  D E 7KHVH ZHUH PRWLOH HYHQ
LQ WKH DEVHQFH RI DOO H[RJHQRXV HQHUJ\ VRXUFHV )LJXUH 6
7KHVH REVHUYDWLRQV VXJJHVW QDQRWXEHV PLJKW SURYLGH D VHTXHVWUDWLRQ URXWH IRU (02/V
WR UHFHLYH PHWDEROLF VXSSRUW IURP DVWURF\WHV SRVVLEO\ LQYROYLQJ EUHDNGRZQ SURGXFWV RI
JO\FRJHQ DQGRU )$V
 (02/ QDQRWXEHV DOORZ G\HFRXSOLQJ ZLWK DVWURF\WHV
7R GHWHUPLQH LI (02/ QDQRWXEHV DOORZ WKH H[FKDQJH RI PDWHULDOV ZLWK DVWURF\WHV VLQJOH
(02/V ZHUH G\HILOOHG ZLWK JDS MXQFWLRQSHUPHDEOH FRPSRXQGV )ROORZLQJ JURZWK IRU 
GD\V LQ  P0 JOXFRVH '0 (02/V ZHUH LGHQWLILHG E\ SKDVHFRQWUDVW DQG ILOOHG ZLWK ELRF\WLQ
DQG /XFLIHU \HOORZ WKH ODWWHU IDFLOLWDWHG YLVXDOLVDWLRQ RI WKH FHOO GXULQJ ILOOLQJ ,Q WKUHH RI
WKUHH H[SHULPHQWV ZH VXFFHVVIXOO\ ILOOHG (02/V DQG LQ RQH RI WKHVH ELRF\WLQ IURP D VLQJOH
ILOOHG (02/ ZDV REVHUYHG LQ WZR DGMDFHQW *)$3 DVWURF\WHV )LJXUH 
$V WKH RQO\ YLVLEOH SK\VLFDO FRQQHFWLRQ EHWZHHQ WKH FHOO W\SHV ZDV (02/ QDQRWXEHV ZH



















)LJXUH  _ 1DQRWXEHOLNH VWUXFWXUHV FRQWDLQLQJ SHUR[LVRPHV DUH H[WHQGHG E\ (02/V
WRZDUGV DVWURF\WHV LQ YLWUR ,OOXVWUDWLYH LPDJHV RI PL[HG JOLD JURZQ IRU  GD\V LQ KLJKO\
HQULFKHG PHGLD D &\WRSODVPILOOHG QDQRWXEHOLNH VWUXFWXUHV IURP (02/V ZKLWH &13
FRQWDLQLQJ SHUR[LVRPHV JUHHQ P(RVODEHOOHG H[WHQG WRZDUGV DVWURF\WHV PDJHQWD
*)$3 7KHVH VWUXFWXUHV DOVR FRQWDLQ E  WXEXOLQ ,9 ZKLWH DQG F )DFWLQ JUHHQ





)LJXUH  _ *DS MXQFWLRQSHUPHDEOH ELRF\WLQ FDQ WUDQVIHU IURP (02/V WR DVWURF\WHV
5HSUHVHQWDWLYH LPPXQRIOXRUHVFHQFH LPDJHV IURP DQ H[SHULPHQW ZKHUH WKH WUDQVIHU RI JDS
MXQFWLRQSHUPHDEOH ELRF\WLQ ZDV REVHUYHG IURP D VLQJOH G\HILOOHG (02/ ZKLWH DUURZ WR
QHDUE\ DVWURF\WHV PDJHQWD DUURZV *)$3 LQ D PL[HG JOLDO FXOWXUH 2QH KRXU DIWHU ILOOLQJ
FHOOV ZHUH IL[HG DQG LPPXQRVWDLQHG 6FDOH EDU   P

&KDSWHU 
 ([RJHQRXV HQHUJ\ VXEVWUDWH GHSULYDWLRQ GRHV QRW LQFUHDVH WKH
IUHTXHQF\ RI (02/ QDQRWXEHV
7R H[SORUH ZKHWKHU (02/ QDQRWXEHV PLJKW DFW DV D URXWH IRU WKH WUDQVIHU RI PHWDEROLWHV WR
WKH HQHUJ\ VWDUYHG (02/ ZH TXDQWLILHG WKH SHUFHQWDJH RI (02/V ZLWK QDQRWXEHV DQG
WKH QXPEHU RI QDQRWXEHV SHU FHOO DIWHU  GD\V RI FXOWXUH LQ  RU  P0 JOXFRVH '0 RU +(
PHGLD
$W W IHZ (02/V KDG QDQRWXEHV DQG WKRVH WKDW GLG KDG YHU\ IHZ )LJXUH  D F G $W
WG D VLJQLILFDQWO\ KLJKHU SHUFHQWDJH RI (02/V KDG QDQRWXEHV FRPSDUHG WR W +RZHYHU
WKH SURSRUWLRQ RI FHOOV ZLWK QDQRWXEHV ZDV VLPLODU DFURVV DOO FRQGLWLRQV )LJXUH  E F DV
ZDV WKH DYHUDJH QXPEHU RI QDQRWXEHV SHU (02/ )LJXUH  G
7KHVH GDWD VXJJHVW WKDW WKH IXQFWLRQ RI (02/ QDQRWXEHV LV XQUHODWHG WR WUDQVFHOOXODU





































































)LJXUH  _ 1DQRWXEHV DUH H[WHQGHG E\ (02/V UHJDUGOHVV RI HQHUJ\ VXEVWUDWH
DYDLODELOLW\ 5HSUHVHQWDWLYH LPDJHV RI (02/V EOXH '$3, QXFOHL ZKLWH &13 DW D W
DQG E DIWHU  GD\V FXOWXUH LQ  RU  P0 JOXFRVH '0 RU +( PHGLD 6FDOH EDU   P
F *UDSK VKRZLQJ WKH DYHUDJH QXPEHU RI (02/V WKDW KDG QDQRWXEHV G 7KH DYHUDJH
QXPEHU RI QDQRWXEHV SHU (02/ GLVSOD\HG RQ D 6XSHU3ORW ,Q HDFK FRQGLWLRQ  (02/V
ZHUH UDQGRPO\ DVVHVVHG IRU WKH SUHVHQFH RI QDQRWXEHV 'DWD ZHUH FRPSDUHG WR  P0
JOXFRVH '0 JUHHQ GRWV XVLQJ D RQHZD\ $129$ ZLWK 'XQQHWW¶V PXOWLSOH FRPSDULVRQ WHVW
SHUIRUPHG RQ DYHUDJH YDOXHV 2XWOLHUV ZHUH UHPRYHG IURP WKH DYHUDJH QXPEHU RI QDQ
RWXEHV SHU FHOO GDWD E\ 5287 DQDO\VLV   S <    S <  'DWD ZHUH REWDLQHG
IURP  ELRORJLFDO UHSHDWV $EEUHYLDWLRQV '0 '0(0EDVHG PHGLD +( '0(0EDVHG
PHGLD KLJKO\ HQULFKHG LQ HQHUJ\ VXEVWUDWHV

&KDSWHU 
 57T3&5 DQDO\VLV RI PHWDEROLF HQ]\PH JHQH
H[SUHVVLRQ VXJJHVWV IDWW\ DFLG PHWDEROLVP LV DOWHUHG
DV D UHVXOW RI HQHUJ\ VXEVWUDWH GHSULYDWLRQ
)OX[ WKURXJK PHWDEROLF SDWKZD\V LV UHJXODWHG DW WKH OHYHO RI VSHFLILF UHJXODWRU\ HQ]\PHV
7KHLU DFWLYLW\ FDQ EH PRGXODWHG LQ D YDULHW\ RI ZD\V LQFOXGLQJ DW WKH OHYHO RI P51$
H[SUHVVLRQ 7R XQGHUVWDQG ZKDW IXHO VRXUFHV PLJKW EH XVHG WR VXVWDLQ (02/V DQG PL[HG
JOLD XQGHU  GD\V RI H[RJHQRXV HQHUJ\ GHSULYDWLRQ ZH XVHG 57T3&5 WR SUREH WKH
H[SUHVVLRQ RI JHQHV WKDW HQFRGH NH\ HQ]\PHV WKDW UHJXODWH PHWDEROLF IOX[ WKURXJK D YDULHW\
RI SDWKZD\V $V D TXDOLW\ FRQWURO PHDVXUH ZH HVWLPDWHG WKH DPRXQW RI 51$ SHU FHOO LQ
HDFK FRQGLWLRQ DQG IRXQG LW WR EH VLPLODU )LJXUH 6
 ([SUHVVLRQ RI JO\FRJHQ SKRVSKRU\ODVH LV QRW DOWHUHG H[FHSW LQ
WKH PRVW GHSULYHG FRQGLWLRQ
*O\FRJHQ SKRVSKRU\ODVH 3\JO HQFRGHV WKH HQ]\PH UHTXLUHG IRU JO\FRJHQ EUHDNGRZQ
LQ DVWURF\WHV 7UDQVFULSW OHYHOV ZHUH XQDOWHUHG FRPSDUHG WR FRQWURO  P0 JOXFRVH '0
H[FHSW LQ WKH  P0 62 FRQGLWLRQ ZKHUH OHYHOV ZHUH VLJQLILFDQWO\ UHGXFHG )LJXUH  D
 ([SUHVVLRQ RI JHQHV HQFRGLQJ HQ]\PHV WKDW UHJXODWH JO\FRO\WLF
IOX[ DUH QRW PDUNHGO\ DOWHUHG LQ HQHUJ\GHSULYHG FRQGLWLRQV
1H[W WUDQVFULSWV HQFRGLQJ HQ]\PHV WKDW UHJXODWH JO\FRO\WLF IOX[ ZHUH H[DPLQHG &RPSDUHG
WR FRQWURO  P0 JOXFRVH '0 QR GLIIHUHQFHV LQ KH[RNLQDVH +N H[SUHVVLRQ ZHUH IRXQG
)LJXUH  E 7UDQVFULSW OHYHOV RI SKRVSKRIUXFWRNLQDVH 3INO WHQGHG WRZDUGV DQ LQFUHDVH
LQ DOO GHSULYHG FRQGLWLRQV EXW GLIIHUHQFHV GLG QRW UHDFK VLJQLILFDQFH GXH WR LQWUDH[SHULPHQWDO
YDULDELOLW\ LQ WKH GDWDVHW )LJXUH  F ([SUHVVLRQ OHYHOV RI S\UXYDWH NLQDVH 3NP )LJXUH 
G DQG ODFWDWH GHK\GURJHQDVH /GKD ZHUH XQFKDQJHG FRPSDUHG WR FRQWURO H[FHSW LQ WKH 
P0 JOXFRVH 62 FRQGLWLRQ ZKHUH /GKD OHYHOV ZHUH VLJQLILFDQWO\ LQFUHDVHG )LJXUH  H

&KDSWHU 
 ([SUHVVLRQ RI FDUQLWLQH SDOPLWR\OWUDQVIHUDVH D LV UHGXFHG LQ
WKH DEVHQFH RI JOXFRVH
(QWU\ RI JO\FRO\WLF HQG SURGXFWV LQWR WKH 7&$ F\FOH LV UHJXODWHG E\ S\UXYDWH GHK\GURJHQDVH
D ODUJH HQ]\PH FRPSULVLQJ  VXEXQLWV 1RQH RI WKH GHSULYDWLRQ FRQGLWLRQV OHG WR FKDQJHV LQ
WKH H[SUHVVLRQ OHYHOV RI S\UXYDWH GHK\GURJHQDVH 3GKD FRPSDUHG WR FRQWURO )LJXUH  D
%HVLGHV JO\FRO\VLV FDUERQV FDQ DOVR HQWHU WKH 7&$ F\FOH IROORZLQJ LPSRUW RI )$V WKURXJK
WKH FDUQLWLQH VKXWWOH DQG  R[LGDWLRQ ,Q FRPSDULVRQ WR FRQWURO ZH REVHUYHG VLJQLILFDQWO\
UHGXFHG WUDQVFULSWV RI FDUQLWLQH SDOPLWR\OWUDQVIHUDVH D &SWD LQ ERWK '0 DQG 62 PHGLD
ODFNLQJ JOXFRVH DQG RWKHU H[RJHQRXV HQHUJ\ VXEVWUDWHV )LJXUH  E
 )DWW\ DFLG ELRV\QWKHVLV LV QRW DOWHUHG DW WKH OHYHO RI JHQH
H[SUHVVLRQ LQ HQHUJ\GHSULYHG FRQGLWLRQV
*LYHQ WKDW JOXFRVH LV DOVR UHTXLUHG IRU ELRV\QWKHVLV ZH K\SRWKHVLVHG WKDW IDWW\ DFLG ELRV\Q
WKHVLV ZLOO EH GRZQUHJXODWHG XQGHU FRQGLWLRQV RI H[RJHQRXV HQHUJ\ VXEVWUDWH GHSULYDWLRQ
&RPSDUHG WR FRQWURO H[SUHVVLRQ RI $73 FLWUDWH O\DVH $FO\ ZDV XQFKDQJHG H[FHSW LQ 
P0 JOXFRVH 62 ZKHUH LW ZDV VLJQLILFDQWO\ UHGXFHG )LJXUH  D 7UDQVFULSWV RI DFHW\O&R$
FDUER[\ODVH DOSKD $FDFD DQG IDWW\ DFLG V\QWKDVH )DVQ ZHUH QRW VLJQLILFDQWO\ FKDQJHG
LQ DQ\ FRQGLWLRQ EXW WUHQGHG WRZDUGV D GHFUHDVH LQ ERWK 62 PHGLD )LJXUH  E F
 $XWRSKDJ\UHODWHG JHQH H[SUHVVLRQ LV ODUJHO\ XQFKDQJHG LQ
HQHUJ\GHSULYHG FRQGLWLRQV
)LQDOO\ ZH K\SRWKHVLVHG WKDW DXWRSKDJ\ ZLOO EH XSUHJXODWHG WR VXSSRUW VXUYLYDO XQGHU
FRQGLWLRQV RI H[RJHQRXV HQHUJ\ VXEVWUDWH VWDUYDWLRQ :H WKHUHIRUH H[DPLQHG WKH H[SUHV
VLRQ RI WKUHH DXWRSKDJ\UHODWHG JHQHV ([SUHVVLRQ RI SKRVSKRLQRVLWLGHNLQDVH 3LNF
WUHQGHG WRZDUGV DQ LQFUHDVH LQ WKH  P0 JOXFRVH '0 DQG ERWK 62 FRQGLWLRQV FRPSDUHG WR
FRQWURO +RZHYHU VLJQLILFDQWO\ LQFUHDVHG H[SUHVVLRQ ZDV REVHUYHG LQ WKH +( PHGLD FRQWURO
VXJJHVWLQJ WKH WUHQG DERYH LV XQUHODWHG WR HQHUJ\ VXEVWUDWH GHSULYDWLRQ )LJXUH  D 1R
GLIIHUHQFHV LQ H[SUHVVLRQ ZHUH REVHUYHG IRU EHFOLQ  %HFQ RU DXWRSKDJ\UHODWHG  $WJ


















































































































)LJXUH  _ *O\FRO\WLF IOX[ LQ PL[HG JOLD DSSHDUV ODUJHO\ XQDOWHUHG DV D UHVXOW RI JOX
FRVH GHSULYDWLRQ DW WKH OHYHO RI P51$ H[SUHVVLRQ 57T3&5 DQDO\VLV RI JHQHV LQYROYHG
LQ WKH UHJXODWLRQ RI PHWDEROLF IOX[ WKURXJK JO\FRO\VLV DH 0L[HG JOLD ZHUH PDLQWDLQHG LQ '0
RU 62 PHGLD ZLWK RU ZLWKRXW  P0 JOXFRVH RU LQ +( PHGLD 5HODWLYH FRSLHV 5& RI JHQHV
DUH QRUPDOLVHG WR UHODWLYH FRSLHV RI 7$7$ER[ ELQGLQJ SURWHLQ 7ES 'DWD ZHUH FRPSDUHG
WR  P0 JOXFRVH '0 XVLQJ D RQHZD\ $129$ ZLWK 'XQQHWW¶V PXOWLSOH FRPSDULVRQ WHVW
  S <  'DWD ZHUH REWDLQHG IURP  ELRORJLFDO UHSHDWV $EEUHYLDWLRQV '0 '0(0



















































)LJXUH  _ )DWW\ DFLG LPSRUW LQWR PLWRFKRQGULD PLJKW EH DOWHUHG LQ PL[HG JOLD
DV D UHVXOW RI JOXFRVH GHSULYDWLRQ LQGLFDWHG DW WKH OHYHO RI &SWD P51$ H[SUHV
VLRQ 57T3&5 DQDO\VLV RI JHQHV LQYROYHG LQ WKH UHJXODWLRQ RI PHWDEROLF IOX[ WKURXJK
R[LGDWLYH SDWKZD\V D E 0L[HG JOLD ZHUH PDLQWDLQHG LQ '0 RU 62 PHGLD ZLWK RU ZLWK
RXW  P0 JOXFRVH RU LQ +( PHGLD 5HODWLYH FRSLHV 5& RI JHQHV DUH QRUPDOLVHG WR
UHODWLYH FRSLHV RI 7$7$ER[ ELQGLQJ SURWHLQ 7ES 'DWD ZHUH FRPSDUHG WR  P0 JOX
FRVH '0 XVLQJ D RQHZD\ $129$ ZLWK 'XQQHWW¶V PXOWLSOH FRPSDULVRQ WHVW   S < 
  S <  'DWD ZHUH REWDLQHG IURP  ELRORJLFDO UHSHDWV $EEUHYLDWLRQV '0 '0(0

































































ATP citrate lyase Acetyl-CoA
carboxylase alpha
Fatty acid synthase
)LJXUH  _ ([SUHVVLRQ RI IDWW\ DFLG ELRV\QWKHVLV JHQHV LQ PL[HG JOLD LV ODUJHO\
XQFKDQJHG DIWHU  GD\V RI HQHUJ\ VXEVWUDWH GHSULYDWLRQ 57T3&5 DQDO\VLV RI JHQHV
LQYROYHG LQ WKH UHJXODWLRQ RI IDWW\ DFLG ELRV\QWKHVLV DF 0L[HG JOLD ZHUH PDLQWDLQHG LQ '0
RU 62 PHGLD ZLWK RU ZLWKRXW  P0 JOXFRVH RU LQ +( PHGLD 5HODWLYH FRSLHV 5& RI JHQHV
DUH QRUPDOLVHG WR UHODWLYH FRSLHV RI 7$7$ER[ ELQGLQJ SURWHLQ 7ES 'DWD ZHUH FRPSDUHG
WR  P0 JOXFRVH '0 XVLQJ D RQHZD\ $129$ ZLWK 'XQQHWW¶V PXOWLSOH FRPSDULVRQ WHVW
  S <  'DWD ZHUH REWDLQHG IURP  ELRORJLFDO UHSHDWV $EEUHYLDWLRQV '0 '0(0




































































)LJXUH  _ ([SUHVVLRQ RI DXWRSKDJ\UHODWHG JHQHV LQ PL[HG JOLD LV ODUJHO\ XQ
FKDQJHG DIWHU  GD\V RI HQHUJ\ VXEVWUDWH GHSULYDWLRQ 57T3&5 DQDO\VLV RI JHQHV
LQYROYHG LQ WKH UHJXODWLRQ RI DXWRSKDJ\ DF 0L[HG JOLD ZHUH PDLQWDLQHG LQ '0 RU 62
PHGLD ZLWK RU ZLWKRXW  P0 JOXFRVH RU LQ +( PHGLD 5HODWLYH FRSLHV 5& RI JHQHV
DUH QRUPDOLVHG WR UHODWLYH FRSLHV RI 7$7$ER[ ELQGLQJ SURWHLQ 7ES 'DWD ZHUH FRPSDUHG
WR  P0 JOXFRVH '0 XVLQJ D RQHZD\ $129$ ZLWK 'XQQHWW¶V PXOWLSOH FRPSDULVRQ WHVW
  S <  'DWD ZHUH REWDLQHG IURP  ELRORJLFDO UHSHDWV $EEUHYLDWLRQV '0 '0(0
EDVHG 62 VDOWVRQO\ +( '0(0EDVHG PHGLD KLJKO\ HQULFKHG LQ HQHUJ\ VXEVWUDWHV

&KDSWHU 
,Q DOO WKHVH GDWD VKRZ IHZ FRQVLVWHQW FKDQJHV LQ WKH H[SUHVVLRQ RI JHQHV LQYROYHG LQ
JOXFRVHPHWDEROLVP IDWW\ DFLG V\QWKHVLV RU DXWRSKDJ\ +RZHYHU WKH GLIIHUHQWLDO H[SUHVVLRQ
RI &SWD XQGHU FRQGLWLRQV RI JOXFRVH S\UXYDWH DQG JOXWDPLQH GHSULYDWLRQ VXJJHVWV DQ
DGDSWDWLRQ RI JOLD LQYROYLQJ FKDQJHV LQ IDWW\ DFLG LPSRUW LQWR PLWRFKRQGULD
 /LSLG GURSOHWV DUH SUHVHQW LQ PL[HG JOLD DQG PLJKW
SURYLGH D IXHO VRXUFH LQ WKH DEVHQFH RI H[RJHQRXV
HQHUJ\ VXEVWUDWHV
,Q WKH SUHVHQFH RI H[RJHQRXV OLSLGV QDWXUDOO\ IRXQG LQ VHUXP FXOWXUHG DVWURF\WH FHOO OLQHV FDQ
JHQHUDWH OLSLG GURSOHWV WKDW SURYLGH D UHVHUYRLU IRU  R[LGDWLRQ GXULQJ VXEVHTXHQW JOXFRVH
GHSULYDWLRQ )DUPHU HW DO  7R GHWHUPLQH LI DVWURF\WHV RU RWKHU JOLD DFFXPXODWH
OLSLG GURSOHWV LQ RXU FXOWXUH FRQGLWLRQV ZH DSSOLHG OLSRSKLOLF VWDLQV WR PL[HG JOLDO FXOWXUHV
6XEVHTXHQWO\ ZH XVHG OLSLGRPLF DQDO\VLV WR H[SORUH ZKHWKHU WKHUH ZHUH FKDQJHV LQ OHYHOV
RI OLSLG GURSOHWDVVRFLDWHG OLSLGV IROORZLQJ  GD\V RI JOXFRVH GHSULYDWLRQ
 /LSLG GURSOHWV DUH DEXQGDQW LQ DVWURF\WHV EXW UDUH LQ (02/V
)LUVW ZH H[DPLQHG PL[HG JOLD DW W DIWHU DSSUR[LPDWHO\  KRXUV LQ VHUXPULFK SODWLQJ
PHGLD WR GHWHUPLQH LI OLSLG GURSOHWV DUH SUHVHQW DW WKH VWDUW RI H[SHULPHQWDWLRQ /LSLG72;
ODEHOOHG OLSLG GURSOHWV JUHHQ SXQFWD ZHUH REVHUYHG WKURXJKRXW WKH FXOWXUH E\ IOXRUHVFHQFH
PLFURVFRS\ )LJXUH  D &HOO W\SHV FRXOG QRW EH DVVHVVHG EHFDXVH /LSLG72; LV QRW
FRPSDWLEOH ZLWK LPPXQRKLVWRFKHPLVWU\ DQG FHOO PRUSKRORJLHV DUH VLPLODU DFURVV DOO FHOO
W\SHV DW WKLV WLPH
1H[W FHOOV PDLQWDLQHG LQ  P0 JOXFRVH '0 IRU  GD\V ZHUH VWDLQHG ZLWK 1LOH 5HG PD[
HPLVVLRQV DW  QP IRU QHXWUDO 7*V DQG  QP IRU SRODU SKRVSKROLSLGV DQG FHOO W\SHV
ZHUH GHWHUPLQHG EDVHG RQ PRUSKRORJ\ :KHQ H[FLWHG DW  QP DQG LPDJHG DW
 QP HPLVVLRQ YHU\ IHZ OLSLG GURSOHWV ZHUH REVHUYHG LQ (02/V )LJXUH  E
PDQ\ ZHUH REVHUYHG LQ DVWURF\WHV )LJXUH  F FHOOV DVVXPHG WR EH PLFURJOLD FRQWDLQHG
IHZ )LJXUH  G :KLOVW OLSLG GURSOHWV ZHUH UDUH LQ WKH VRPD RI (02/V VRPH ZHUH

&KDSWHU 
REVHUYHG LQ (02/ QDQRWXEHV )LJXUH  H ,Q DOO FHOOV WKH OLSLG GURSOHW SXQFWD ZHUH
IDLQW RU DEVHQW ZKHQ H[FLWHG DW  QP DQG LPDJHG DW  QP HPLVVLRQ ZKLFK
VXJJHVWV WKH\ DUH FRPSRVHG PDLQO\ RI QHXWUDO OLSLGV VXFK DV 7*V 'XH WR WLPH FRQVWUDLQWV
ZH GLG QRW H[DPLQH OLSLG GURSOHWV LQ FXOWXUHV GHSULYHG RI H[RJHQRXV HQHUJ\ VXEVWUDWHV DQG
WKLV UHSUHVHQWV DQ HVVHQWLDO IXWXUH VWHS LQ WKLV VWXG\
,Q DOO WKHVH GDWD VKRZ WKDW (02/V DVWURF\WHV DQG PLFURJOLD FDQ VWRUH OLSLG GURSOHWV
KRZHYHU DVWURF\WHV DSSHDUHG WR KDYH PDQ\ PRUH OLSLG GURSOHWV WKDQ WKH RWKHU FHOO W\SHV


























DAPI 515-565 nm Inset
t6d
)LJXUH  _ 0L[HG JOLD FRQWDLQ OLSLG GURSOHWV WKDW DUH SDUWLFXODUO\ DEXQGDQW LQ DVWUR
F\WHV )LJXUH OHJHQG FRQWLQXHV RQ WKH QH[W SDJH

&KDSWHU 
)LJXUH  _ &RQW 5HSUHVHQWDWLYH LPPXQRIOXRUHVFHQFH LPDJHV RI PL[HG JOLD ODEHOOHG ZLWK
OLSLG VWDLQV D /LSLG72;ODEHOOHG OLSLG GURSOHWV ZKLWH SXQFWD LQ FHOOV DW W LPPHGLDWHO\
DIWHU  KRXUV LQ VHUXPULFK SODWLQJ PHGLXP 6FDOH EDU   P IRU RYHUYLHZ LPDJH
DQG  P IRU LQVHW $IWHU  GD\V LQ  P0 JOXFRVH '0 1LOH 5HG ZDV XVHG WR YLVXDOLVH
OLSLG GURSOHWV &HOO QXFOHL EOXH ZHUH ODEHOOHG ZLWK '$3, DQG LPDJHV ZHUH FDSWXUHG DW
 QP H[FLWDWLRQ QP HPLVVLRQ JUHHQ DQG  QP H[FLWDWLRQ
 QP HPLVVLRQ PDJHQWD *UHHQ SXQFWD ZHUH REVHUYHG LQ DOO PDMRU JOLDO FHOOV E
(02/V F DVWURF\WHV G DQG PLFURJOLD DV DVVHVVHG E\ FHOO PRUSKRORJ\ /LSLG GURSOHWV
DSSHDUHG PRVW DEXQGDQW LQ DVWURF\WHV DQG ZHUH UDUH LQ (02/V ILJ E DUURZV 7KH
EULJKW SXQFWD LQ WKH JUHHQ FKDQQHO LQGLFDWH QHXWUDO OLSLGV VXFK DV WULJO\FHULGHV 6FDOH EDU
  P H /LSLG GURSOHWV ZHUH DOVR YLVLEOH RXWVLGH RI WKH SHULQXFOHDU DUHD DUURZV LQ
LQVHW SUHVXPDEO\ LQ QDQRWXEHV EHWZHHQ (02/V DQG DVWURF\WHV $6 6FDOH EDU   P
IRU RYHUYLHZ LPDJH DQG  P IRU LQVHW 5HSUHVHQWDWLYH LPDJHV IURP D VLQJOH H[SHULPHQW
$EEUHYLDWLRQV '0 '0(0EDVHG PHGLD

&KDSWHU 
 /HYHOV RI WULJO\FHULGHV GHFUHDVH ZLWK WLPH LQ FXOWXUH HVSHFLDOO\
LQ WKH DEVHQFH RI H[RJHQRXV HQHUJ\ VXEVWUDWHV
7R H[SORUH ZKHWKHU OLSLGV PLJKW EH XVHG DV D IXHO VRXUFH LQ WKH DEVHQFH RI H[RJHQRXV
HQHUJ\ VXEVWUDWHV ZH FRQGXFWHG OLSLGRPLF DQDO\VLV LQ FROODERUDWLRQ ZLWK 3URIHVVRU 7KRUVWHQ
+RUQHPDQQ DQG 'U *HUJHO\ .DUVDL 8QLYHUVLW\ RI =XULFK RQ PL[HG JOLD DW W DQG DIWHU 
GD\V RI FXOWXUH LQ  RU  P0 JOXFRVH '0 RU +( PHGLD
)LUVW ZH FRPSDUHG PL[HG JOLD FXOWXUHG IRU  GD\V WR FHOOV FROOHFWHG DW W 2XU SULPDU\ IRFXV
ZHUH FKDQJHV LQ VSHFLHV RI WULJO\FHULGH 7* DQG GLDF\OJO\FHURO '$* DV WKH\ DUH PDMRU
FRPSRQHQWV RI OLSLG GURSOHWV RU IDWW\ DFLG )$ DQG DF\OFDUQLWLQH $F&D ZKLFK DUH SURGXFWV
RI IDWW\ DFLG PHWDEROLVP 7KHVH VSHFLHV DUH QRW DEXQGDQW LQ P\HOLQ PHPEUDQHV RU FHOOXODU
GHEULV SUHVHQW LQ WKH FXOWXUHV SDUWLFXODUO\ DW W )LJXUH 6 $IWHU  GD\V 7* VSHFLHV ZHUH
VLJQLILFDQWO\ UHGXFHG LQ DOO FRQGLWLRQV FRPSDUHG WR W DOWKRXJK WKH KLJKHVW IROG FKDQJHV
ZHUH REVHUYHG LQ WKH  P0 JOXFRVH '0 FRQGLWLRQ )LJXUH  DF 1RWDEO\ LQ ERWK  DQG 
P0 JOXFRVH $F&D D FRPSRQHQW RI WKH FDUQLWLQH VKXWWOH LQYROYHG LQ WUDQVSRUWLQJ /&)$V
LQWR PLWRFKRQGULD ZDV VLJQLILFDQWO\ GHFUHDVHG FRPSDUHG WR W EXW ZDV XQFKDQJHG LQ WKH
+( PHGLD FRPSDUHG WR W
1H[W ZH FRPSDUHG DFURVV FRQGLWLRQV DW WG $V H[SHFWHG PL[HG JOLD FXOWXUHG LQ  P0
JOXFRVH '0 KDG VLJQLILFDQWO\ GHFUHDVHG 7* VSHFLHV FRPSDUHG WR FHOOV LQ  P0 JOXFRVH
'0 ZLWK DOO WRS  KLWV FRPSULVLQJ WKLV FODVV RI OLSLG )LJXUH  D 8QH[SHFWHGO\ LQ
 P0 JOXFRVH '0 FRPSDUHG WR +( PHGLD VSHFLHV RI 7* ZHUH VLJQLILFDQWO\ LQFUHDVHG
)LJXUH  E 6XUSULVLQJO\ FRPSDULVRQ RI  P0 JOXFRVH '0 WR +( PHGLD GLG QRW UHYHDO





5 mM DM vs., t0
0 mM DM vs., t0
c HE vs., t0
)LJXUH  _ 0L[HG JOLD FRQWDLQ OHVV WULJO\FHULGH DIWHU  GD\V RI FXOWXUH UHJDUGOHVV RI
HQHUJ\ VXEVWUDWH VXSSOHPHQWDWLRQ )LJXUH OHJHQG FRQWLQXHV RQ WKH QH[W SDJH

&KDSWHU 
)LJXUH  _ &RQW 9ROFDQR SORWV RI OLSLGRPLF DQDO\VLV SHUIRUPHG RQ PL[HG JOLDO FXOWXUHV
7KH WRS  PRVW FKDQJHG OLSLG VSHFLHV DUH ODEHOOHG &RPSDULVRQV ZHUH PDGH EHWZHHQ
FXOWXUHV VDPSOHG DW W DQG DIWHU  GD\V LQ D  P0 JOXFRVH '0 E  P0 JOXFRVH '0 F
RU +( PHGLD 0\HOLQ OLSLGV ZHUH H[FOXGHG GXH WR FRQWDPLQDWLRQ ZLWK P\HOLQ GHEULV LQ WKH
FXOWXUH 2QO\ WULJO\FHULGH 7* GLDF\OJO\FHURO '$* IDWW\ DFLG )$ DQG DF\OFDUQLWLQH $F&D
VSHFLHV DUH SORWWHG 'DWD ZHUH QRUPDOLVHG WR FHOO FRXQWV REWDLQHG SUHYLRXVO\ WKHQ SORWWHG DV
ORJ IROG FKDQJH YV ORJ DGMXVWHG 3YDOXH FRPSDUHG XVLQJ D 6WXGHQW¶V WWHVW WZRWDLOHG
SDLUHG 'DWD ZHUH REWDLQHG IURP  ELRORJLFDO UHSHDWV XVLQJ WKH DYHUDJH YDOXH IURP 
WHFKQLFDO UHSHDWV SHU FRQGLWLRQ SHU H[SHULPHQW $EEUHYLDWLRQV '0 '0(0EDVHG PHGLD





0 mM DM vs., 5 mM DM
5 mM DM vs., HE
c 0 mM DM vs., HE
)LJXUH  _ 0L[HG JOLD FRQWDLQ OHVV WULJO\FHULGH DIWHU  GD\V RI FXOWXUH LQ HQHUJ\
VXEVWUDWHGHSULYHG PHGLD FRPSDUHG WR WKRVH FXOWXUHG ZLWK  P0 JOXFRVH )LJXUH
OHJHQG FRQWLQXHV RQ WKH QH[W SDJH

&KDSWHU 
)LJXUH  _ &RQW 9ROFDQR SORWV RI OLSLGRPLF DQDO\VLV SHUIRUPHG RQ PL[HG JOLDO FXOWXUHV
7KH WRS  PRVW FKDQJHG OLSLG VSHFLHV DUH ODEHOOHG 6DPSOHV ZHUH WDNHQ DIWHU  GD\V LQ '0
ZLWK GLIIHUHQW OHYHOV RI HQHUJ\ VXEVWUDWH VXSSOHPHQWDWLRQ DQG FRPSDULVRQV ZHUH PDGH EH
WZHHQ D  P0 JOXFRVH '0 YV  P0 JOXFRVH '0 E  P0 JOXFRVH '0 YV +( F  P0
JOXFRVH '0 YV +( 'DWD ZHUH QRUPDOLVHG WR FHOO FRXQWV REWDLQHG SUHYLRXVO\ WKHQ SORWWHG DV
ORJ IROG FKDQJH YV ORJ DGMXVWHG 3YDOXH FRPSDUHG XVLQJ D 6WXGHQW¶V WWHVW WZRWDLOHG
SDLUHG 'DWD ZHUH REWDLQHG IURP  ELRORJLFDO UHSHDWV XVLQJ WKH DYHUDJH YDOXH IURP 
WHFKQLFDO UHSHDWV SHU FRQGLWLRQ SHU H[SHULPHQW $EEUHYLDWLRQV '0 '0(0EDVHG PHGLD
+( '0(0EDVHG PHGLD KLJKO\ HQULFKHG LQ HQHUJ\ VXEVWUDWHV

&KDSWHU 
7RJHWKHU WKHVH GDWD VXJJHVW PL[HG JOLD DFFXPXODWH OLSLG GURSOHWV GXULQJ LQLWLDO FXOWXUH
LQ VHUXPULFK HQHUJ\ULFK PHGLD DQG FRQVXPH OLSLG GURSOHWVWRUHG 7*V GXULQJ  GD\V
LQ FXOWXUH UHJDUGOHVV RI HQHUJ\ VXEVWUDWH DYDLODELOLW\ 7KHVH GDWD SURYLGH HYLGHQFH WKDW
WKH SUHVXPHG FRQVXPSWLRQ RI 7*V LV KLJKHVW ZKHQ JOXFRVH DQG RWKHU H[RJHQRXV HQHUJ\
VXEVWUDWHV DUH DEVHQW
 $VWURF\WHV DUH QRW UHTXLUHG IRU (02/ VXUYLYDO RU
JURZWK GXULQJ  GD\V RI H[RJHQRXV HQHUJ\ VXEVWUDWH
GHSULYDWLRQ
$V DVWURF\WHV VWRUH JO\FRJHQ DQG DSSHDUHG WR KDYH PRUH OLSLG GURSOHWV WKDQ (02/V ZH
K\SRWKHVLVHG WKH\ ZHUH UHTXLUHG IRU WKH VXUYLYDO RI (02/V XQGHU FRQGLWLRQV RI H[RJHQRXV
HQHUJ\ GHSULYDWLRQ 7R WHVW WKLV ZH JHQHUDWHG (02/HQULFKHG 2 FXOWXUHV GHSOHWHG RI
DVWURF\WHV ,Q WKHVH FXOWXUHV DW W  ±  RI '$3,FHOOV ZHUH &13 DQG OHVV WKDQ
 RI FHOOV ZHUH *)$3 RU &' $W WG <  RI DOO '$3, FHOOV ZHUH *)$3 DVWURF\WHV
UDZ GDWD LQ )LJXUH 6 &XOWXUHV ZHUH JURZQ LQ  RU  P0 JOXFRVH LQ '0 RU 62 PHGLD RU
LQ +( PHGLD IRU  GD\V DV IRU PL[HG JOLD
 (02/V GR QRW UHTXLUH DVWURF\WHGHULYHG HQHUJ\ VRXUFHV WR
VXUYLYH H[RJHQRXV HQHUJ\ VXEVWUDWH GHSULYDWLRQ
)LUVW ZH H[DPLQHG WRWDO FHOO GHQVLWLHV '$3, DW WG &RPSDUHG WR FRQWURO  P0 JOXFRVH
'0 WKHUH ZDV D JHQHUDO WUHQG WRZDUGV D UHGXFWLRQ ZLWK LQFUHDVLQJ GHSULYDWLRQ EXW WKLV
UHDFKHG VLJQLILFDQFH RQO\ LQ  P0 JOXFRVH 62 )LJXUH  D E G 1H[W ZH H[DPLQHG
(02/ GHQVLWLHV DW WG 6XUSULVLQJO\ FRPSDUHG WR FRQWURO GHQVLWLHV ZHUH PDLQWDLQHG LQ
 P0 JOXFRVH '0 DOWKRXJK WKH\ WUHQGHG WRZDUGV D UHGXFWLRQ LQ 62 PHGLD DQG UHDFKHG
VLJQLILFDQFH LQ WKH PRVW GHSULYHG FRQGLWLRQ )LJXUH  D E H &XOWXUHV PDLQWDLQHG LQ +(
PHGLD )LJXUH  F KDG VLJQLILFDQWO\ LQFUHDVHG WRWDO FHOO GHQVLWLHV FRPSDUHG WR FRQWURO



















































































)LJXUH  _ :LWKGUDZDO RI DPLQR DFLGV DQGRU YLWDPLQV LPSDFWV (02/ GHQVLWLHV
PRUH WKDQ GHSULYDWLRQ RI H[RJHQRXV HQHUJ\ VXEVWUDWHV LQ (02/HQULFKHG FXOWXUHV
)LJXUH OHJHQG FRQWLQXHV RQ WKH QH[W SDJH

&KDSWHU 
)LJXUH  _ &RQW ,OOXVWUDWLYH LPDJHV RI (02/HQULFKHG 2 FXOWXUHV JURZQ IRU 
GD\V LQ '0 FRQWDLQLQJ DPLQR DFLGV DQG YLWDPLQV RU D 62 PHGLD ZLWK RU ZLWKRXW JOXFRVH
VXSSOHPHQWDWLRQ D 7RWDO FHOO EOXH '$3, DQG (02/ ZKLWH &13 GHQVLWLHV DSSHDUHG
VLPLODU LQ  P0 JOXFRVH '0 FRPSDUHG WR  P0 JOXFRVH '0 E (02/ FHOO GHQVLWLHV
DSSHDUHG PRVW UHGXFHG LQ WKH  P0 JOXFRVH 62 FRQGLWLRQ F &XOWXUHV PDLQWDLQHG LQ
+( PHGLD GLG QRW DSSHDU UHPDUNDEO\ GLIIHUHQW WR FXOWXUHV SURYLGHG  P0 JOXFRVH '0 ILJ
D 7KHVH FXOWXUHV ZHUH ODUJHO\ GHYRLG RI DVWURF\WHV PDJHQWD *)$3 DQG PLFURJOLD
JUHHQ &' 6FDOH EDU   P *UDSKV RI G WRWDO FHOO DQG H (02/ GHQVLWLHV
DW WG DV D SHUFHQWDJH RI W YDOXHV 'HQVLWLHV ZHUH FRPSDUHG WR FRQWUROV  P0 JOX
FRVH '0 XVLQJ D RQHZD\ $129$ ZLWK 'XQQHWW¶V PXOWLSOH FRPSDULVRQ WHVW   S < 
'DWD ZHUH REWDLQHG IURP  ELRORJLFDO UHSHDWV $EEUHYLDWLRQV '0 '0(0EDVHG PHGLD
62 VDOWVRQO\ +( '0(0EDVHG PHGLD KLJKO\ HQULFKHG LQ HQHUJ\ VXEVWUDWHV

&KDSWHU 
7KHVH GDWD GHPRQVWUDWH WKDW (02/V GR QRW UHTXLUH DVWURF\WHGHULYHG HQHUJ\ VRXUFHV WR
VXUYLYH JOXFRVH S\UXYDWH DQG JOXWDPLQH GHSULYDWLRQ IRU  GD\V LQ YLWUR ZKHQ LQ FXOWXUH
PHGLD FRQWDLQLQJ DPLQR DFLGV DQG YLWDPLQV
 (02/ JURZWK LV LQGHSHQGHQW RI DVWURF\WHV DQG JOXFRVH EXW LV
LQKLELWHG E\ WKH ZLWKGUDZDO RI DPLQR DFLGV DQGRU YLWDPLQV
:H QH[W DVNHG LI FHOO GHQVLWLHV LQ (02/HQULFKHG FXOWXUHV ZHUH PDLQWDLQHG DW WKH H[SHQVH
RI FHOO VL]H DIWHU  GD\V RI H[RJHQRXV HQHUJ\ VXEVWUDWH GHSULYDWLRQ 6L]H ZDV GHWHUPLQHG
E\ WKH DUHD RI &13 VWDLQLQJ SHU (02/ DW W DQG WG )LJXUH  D E
7KH PHDQ (02/ FHOO VL]H DW W ZDV  P )LJXUH  F ZKLFK ZDV VLPLODU WR WKDW
LQ PL[HG JOLDO FXOWXUHV UHSRUWHG LQ VHFWLRQ  QV XQSDLUHG 6WXGHQW¶V WWHVW (02/
VL]H LQFUHDVHG VLJQLILFDQWO\ LQ  P0 JOXFRVH '0 FRQWURO DW WG FRPSDUHG WR W (02/V
FXOWXUHG IRU  GD\V LQ  P0 JOXFRVH '0 LQFUHDVHG LQ VL]H WR D VLPLODU H[WHQW ,Q 62 PHGLD
(02/V ZHUH VLJQLILFDQWO\ VPDOOHU FRPSDUHG WR FRQWUROV &XOWXULQJ (02/V LQ +( PHGLD
UHVXOWHG LQ WKHP DWWDLQLQJ D VLJQLILFDQWO\ ODUJHU VL]H FRPSDUHG WR WKRVH LQ FRQWURO PHGLD
7KHVH GDWD GHPRQVWUDWH WKDW (02/ VXUYLYDO LQ WKH DEVHQFH RI H[RJHQRXV HQHUJ\ VRXUFHV
DQG LQ WKH DEVHQFH RI DVWURF\WHV GRHV QRW RFFXU DW WKH H[SHQVH RI JURZWK +RZHYHU
ZLWKGUDZDO RI DPLQR DFLGV DQGRU YLWDPLQV OLPLWHG JURZWK HYHQ ZKHQ JOXFRVH ZDV SURYLGHG
 1DQRWXEHV DUH QRW SURGXFHG E\ (02/V LQ WKH DEVHQFH RI
DVWURF\WHV
,Q (02/HQULFKHG FXOWXUHV QDQRWXEHV ZHUH QRW REVHUYHG XQGHU DQ\ JURZWK FRQGLWLRQ
Q   LOOXVWUDWHG LQ )LJXUH  D E 7KLV REVHUYDWLRQ VXJJHVWV DVWURF\WHV PHGLDWH WKH






5 mM 0 mM
SO































)LJXUH  _ *URZWK RI (02/V LQ WKH DEVHQFH RI DVWURF\WHV UHTXLUHV DPLQR DFLGV
DQGRU YLWDPLQV EXW LV QRW LQIOXHQFHG E\ JOXFRVH DYDLODELOLW\ 5HSUHVHQWDWLYH LPDJHV
RI (02/V ZKLWH &13 DQG WKHLU FHOO QXFOHL EOXH '$3, LQ (02/HQULFKHG FXOWXUHV
DW D W DQG E WG 6FDOH EDU   P F (02/ FHOO VL]H ZDV PHDVXUHG E\ WKH
DUHD RI &13 VWDLQLQJ DQG GLVSOD\HG RQ D 6XSHU3ORW $W OHDVW  FHOOV ZHUH LQFOXGHG
DIWHU 5287 DQDO\VLV SHU ELRORJLFDO UHSOLFDWH 'DWD ZHUH FRPSDUHG WR  P0 JOXFRVH
'0 XVLQJ D RQHZD\ $129$ ZLWK 'XQQHWW¶V PXOWLSOH FRPSDULVRQ WHVW SHUIRUPHG RQ DYHU
DJH FHOO VL]H YDOXHV   S <    S <    S <  'DWD ZHUH RE
WDLQHG IURP  ELRORJLFDO UHSHDWV $EEUHYLDWLRQV '0 '0(0EDVHG PHGLD 62 VDOWVRQO\
+( '0(0EDVHG PHGLD KLJKO\ HQULFKHG LQ HQHUJ\ VXEVWUDWHV

&KDSWHU 
 (02/V LQ LVRODWLRQ GR QRW VDFULILFH OLSLGV DIWHU  GD\V
RI H[RJHQRXV HQHUJ\ VXEVWUDWH GHSULYDWLRQ
7R GHWHUPLQH LI OHYHOV RI OLSLGV DUH DOWHUHG LQ (02/HQULFKHG FXOWXUHV LQ WKH DEVHQFH RI
JOXFRVH JOXWDPLQH DQG S\UXYDWH ZH SHUIRUPHG OLSLGRPLF DQDO\VLV RQ FHOOV REWDLQHG DW W
DQG DIWHU  GD\V LQ  RU  P0 JOXFRVH '0 DV GHVFULEHG LQ VHFWLRQ 
$W WG OLSLG OHYHOV ZHUH DOPRVW XQFKDQJHG LQ HLWKHU JURZWK FRQGLWLRQ FRPSDUHG WR W RQH
GLDF\OJO\FHURO '$* VSHFLHV ZDV VLJQLILFDQWO\ GHFUHDVHG LQ  P0 JOXFRVH '0 )LJXUH 
D WZR 7* VSHFLHV DQG '$* ZHUH VLJQLILFDQWO\ GHFUHDVHG LQ  P0 JOXFRVH '0 )LJXUH 
E $W WG LQ  YV  P0 JOXFRVH WKHUH ZDV D VLJQLILFDQW LQFUHDVH LQ RQH 7* VSHFLHV DQG
D GHFUHDVH LQ DQRWKHU )LJXUH  F
7KHVH GDWD VXJJHVW (02/V GR QRW DFFXPXODWH RU GHJUDGH OLSLGV DV D IXHO VRXUFH GXULQJ 





5 mM DM vs., t0
0 mM DM vs., t0
c 0 mM DM vs., 5 mM DM
)LJXUH  _ /LSLG DEXQGDQFH LV ODUJHO\ XQFKDQJHG LQ (02/HQULFKHG FXOWXUHV
IROORZLQJ  GD\V RI H[RJHQRXV HQHUJ\ VXEVWUDWH GHSULYDWLRQ )LJXUH OHJHQG FRQWLQXHV
RQ WKH QH[W SDJH

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)LJXUH  _ &RQW 9ROFDQR SORWV RI OLSLGRPLF DQDO\VLV SHUIRUPHG RQ (02/HQULFKHG
FXOWXUHV 7KH WRS  PRVW FKDQJHG OLSLG VSHFLHV DUH ODEHOOHG &RPSDULVRQV ZHUH
PDGH EHWZHHQ FXOWXUHV VDPSOHG DW W DQG DIWHU  GD\V LQ D  P0 JOXFRVH '0 RU
E  P0 JOXFRVH '0 2QO\ WULJO\FHULGH 7* GLDF\OJO\FHURO '$* IDWW\ DFLG )$
DQG DF\OFDUQLWLQH $F&D VSHFLHV DUH SORWWHG F $W WG  P0 JOXFRVH '0 ZDV
FRPSDUHG WR  P0 JOXFRVH '0 DQG DOO GHWHFWDEOH OLSLG VSHFLHV DUH SORWWHG 'DWD
ZHUH QRUPDOLVHG WR FHOO FRXQWV REWDLQHG SUHYLRXVO\ WKHQ SORWWHG DV ORJ IROG FKDQJH
YV ORJ DGMXVWHG 3YDOXH FRPSDUHG XVLQJ D 6WXGHQW¶V WWHVW WZRWDLOHG SDLUHG
'DWD ZHUH REWDLQHG IURP  ELRORJLFDO UHSHDWV XVLQJ WKH DYHUDJH YDOXH IURP  WHFK
QLFDO UHSHDWV SHU FRQGLWLRQ SHU H[SHULPHQW $EEUHYLDWLRQV '0 '0(0EDVHG PHGLD
+( '0(0EDVHG PHGLD KLJKO\ HQULFKHG LQ HQHUJ\ VXEVWUDWHV

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 (02/V DUH XQDEOH WR ZUDS QDQRILEHUV LQ WKH DEVHQFH
RI H[RJHQRXV HQHUJ\ VXEVWUDWHV
:H KDYH GHPRQVWUDWHG WKDW (02/V FDQ VXUYLYH DQG JURZ LQ YLWUR LQ WKH DEVHQFH RI JOXFRVH
DQG RWKHU H[RJHQRXV HQHUJ\ VXEVWUDWHV ZKHWKHU FXOWXUHG DORQH RU ZLWK DVWURF\WHV DQG
PLFURJOLD $V WKHUH ZDV HYLGHQFH IRU FHOO JURZWK EXW OLWWOH HYLGHQFH RI OLSLG V\QWKHVLV ZH
QH[W DVNHG LI (02/V DUH FDSDEOH RI V\QWKHVLVLQJ P\HOLQ VKHDWKV 0L[HG JOLD ZHUH VHHGHG
RQWR LQHUW QDQRILEHUV FXOWXUHG IRU  GD\V WKHQ TXDOLWDWLYHO\ DVVHVVHG
$IWHU  GD\V LQ  P0 JOXFRVH '0 ZH REVHUYHG 0%3 HQVKHDWKPHQW RI QDQRILEHUV DQG
(02/V KDG KHDOWK\DSSHDULQJ '$3, QXFOHL )LJXUH  D ,Q FRQWUDVW (02/V LQ  P0
JOXFRVH '0 KDG SXQFWDWH 0%3 VWDLQLQJ DQG DEQRUPDO RU S\NQRWLF QXFOHL )LJXUH  E
,Q ERWK FDVHV FHOO GHQVLWLHV DSSHDUHG PXFK ORZHU WKDQ RQ JODVV FRYHUVOLSV OLNHO\ GXH WR
WKH ' DUFKLWHFWXUH RI WKH QDQRILEHUV 7RJHWKHU WKHVH REVHUYDWLRQV OHG XV WR VSHFXODWH






a 5 mM glucose
b 0 mM glucose
)LJXUH  _ 0\HOLQ ZUDSV RQ QDQRILEHUV DUH QRW SURGXFHG DQGRU PDLQWDLQHG E\
(02/V GXULQJ  GD\V RI H[RJHQRXV HQHUJ\ VXEVWUDWH GHSULYDWLRQ ,OOXVWUDWLYH LPPXQR
IOXRUHVFHQFH LPDJHV RI VSLQDO FRUG (02/V LQ D PL[HG JOLD SUHSDUDWLRQ VHHGHG RQWR
QDQRILEHUV DQG PDLQWDLQHG LQ  RU  P0 JOXFRVH '0 IRU  GD\V D ,Q  P0 JOXFRVH '0
(02/V IRUPHG 0%3 ZUDSV PDJHQWD HQVKHDWKPHQW 7KHVH ZUDSV ZHUH DVVRFLDWHG ZLWK
KHDOWK\DSSHDULQJ QXFOHL EOXH '$3, E ,Q  P0 JOXFRVH '0 DW  GD\V (02/V VKRZHG
QR HYLGHQFH RI ZUDSSLQJ QDQRILEHUV DQG KDG FRQGHQVHG QXFOHL 7KH RULHQWDWLRQ RI WKH
QDQRILEHUV LV YLVLEOH E\ SKDVH FRQWUDVW 5HSUHVHQWDWLYH LPDJHV IURP D VLQJOH H[SHULPHQW




,Q WKLV FKDSWHU ZH H[SORUHG WKH PHWDEROLF DGDSWDWLRQV DQG IXHO VRXUFHV WKDW (02/V DQG
RWKHU JOLD XVH ZKHQ JOXFRVH DQG RWKHU H[RJHQRXV HQHUJ\ VXEVWUDWHV DUH DEVHQW :H
IRXQG WKDW (02/V H[WHQG F\WRSODVPILOOHG QDQRWXEHV WRZDUGV DVWURF\WHV WKDW FDQ DFW
DV D WUDQVSRUW URXWH IRU JDS MXQFWLRQSHUPHDEOH VXEVWDQFHV KRZHYHU (02/ QDQRWXEHV
ZHUH QRW LQIOXHQFHG E\ PHGLD FRPSRVLWLRQ DQG ZH FRQFOXGH WKH\ DUH XQOLNHO\ WR SOD\
D UROH LQ WUDQVFHOOXODU H[FKDQJH RI HQHUJ\ PHWDEROLWHV 8VLQJ 57T3&5 DQG OLSLGRPLF
DQDO\VLV RI PL[HG JOLD ZH SURYLGH WHQWDWLYH HYLGHQFH WKDW OLSLGV DUH XVHG DV D IXHO VRXUFH
LQ WKH DEVHQFH RI H[RJHQRXV HQHUJ\ VXEVWUDWHV &RPELQHG ZLWK REVHUYLQJ OLSLG GURSOHWV
SDUWLFXODUO\ LQ DVWURF\WHV ZH FRQFOXGH OLSLG GURSOHWV SURYLGH DQ HQHUJ\ UHVHUYRLU IRU WKH
VXUYLYDO RI FHOOV XQGHU H[RJHQRXV HQHUJ\ VXEVWUDWH GHSULYDWLRQ 1RQHWKHOHVV (02/V
FXOWXUHG DORQH PDLQWDLQHG WKHLU GHQVLWLHV LQ WKH DEVHQFH RI H[RJHQRXV HQHUJ\ VXEVWUDWHV
GHVSLWH WKDW OLSLGRPLF DQDO\VLV VXJJHVWHG OLSLGV ZHUH QRW FRQVXPHG 7RJHWKHU WKHVH GDWD
VXJJHVW WKDW LQ WKH DEVHQFH RI JOXFRVH S\UXYDWH DQG JOXWDPLQH (02/V FDQ XVH VRXUFHV
RWKHU WKDQ OLSLG GURSOHWV IURP ZKLFK WR REWDLQ HQHUJ\ IRU VXUYLYDO DQG JURZWK )LQDOO\ ZKHQ
(02/V LQ PL[HG JOLDO FXOWXUHV ZHUH FKDOOHQJHG WR µZUDS¶ LQHUW QDQRILEHUV LQ WKH DEVHQFH
RI JOXFRVH QRW RQO\ GLG ZUDSSLQJ IDLO EXW LQ FRQWUDVW WR ' FXOWXUH VXUYLYDO ZDV SUHYHQWHG
*OXFRVH LV FRQVLGHUHG WKH REOLJDWH HQHUJ\ VRXUFH LQ WKH &16 7KHUHIRUH ZH ZHUH VXUSULVHG
WR REVHUYH LQ &KDSWHU  WKDW GHSULYLQJ VSLQDO FRUG PL[HG JOLD RI JOXFRVH LQ DGGLWLRQ WR
S\UXYDWH DQG JOXWDPLQH IRU  GD\V GLG QRW UHGXFH (02/ RU DVWURF\WH GHQVLWLHV 7KHUHIRUH
LQ WKLV FKDSWHU ZH XVHG 57T3&5 WR SUREH IRU PHWDEROLF DGDSWDWLRQV WKDW PLJKW H[SODLQ
WKLV REVHUYDWLRQ ,Q GRLQJ VR ZH IRXQG GLIIHUHQWLDO H[SUHVVLRQ RI &SWD LQ FXOWXUHV ODFNLQJ
JOXFRVH DQG RWKHU HQHUJ\ VXEVWUDWHV ,Q EUDLQ WKH &37D LVRIRUP RI &37 LV WKH UDWH
OLPLWLQJ HQ]\PH LQ PLWRFKRQGULDO ȕR[LGDWLRQ RI /&)$V $VWURF\WHV EXW QRW ROLJRGHQGURF\WHV
PLFURJOLD QRU QHXURQV H[SUHVV &37D -HUQEHUJ HW DO  DW OHDVW LQ UDW EUDLQ +RZHYHU
PHWDEROLF UHJXODWLRQ GRHV QRW RFFXU SULPDULO\ DW WKH OHYHO RI JHQH H[SUHVVLRQ $OORVWHULF
UHJXODWLRQ PHGLDWHV PHWDEROLF HQ]\PH DFWLYLW\ DQG &37D LV LQKLELWHG E\ PDORQ\O&R$
JHQHUDWHG IURP IDWW\ DFLG ELRV\QWKHVLV 0F*DUU\ HW DO  )DGy HW DO  7KHUHIRUH
WKH FKDQJHV LQ &SWD WUDQVFULSWV ZH REVHUYHG LQ WKH FXUUHQW VWXG\ SRLQW WR DGDSWDWLRQV

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LQ )$ PHWDEROLVP LQ DVWURF\WHV ZKLFK ZH K\SRWKHVLVH PDLQWDLQV FHOOV XQGHU H[RJHQRXV
HQHUJ\ VXEVWUDWH GHSULYDWLRQ
/LSLGPHWDEROLVP LQ WKH &16 KDV ORQJ EHHQ GHEDWHG EXW UHFHQW UHSRUWV RI OLSLG GURSOHW VWRUDJH
LQ DVWURF\WHV LQ YLWUR DQG LQ 'URVRSKLOD EUDLQ JOLD LQ YLYR KDV UHLJQLWHG GLVFXVVLRQ UHYLHZV
E\ /HH HW DO  DQG 5DOKDQ HW DO  ,Q RXU FXOWXUH FRQGLWLRQV DVWURF\WHV DSSHDUHG
WR KDYH PDQ\ PRUH OLSLGV GURSOHWV WKDQ RWKHU JOLDO FHOO W\SHV DQG ZH K\SRWKHVLVH WKH\ FRXOG
SURYLGH D IXHO VRXUFH GXULQJ  GD\V RI H[RJHQRXV HQHUJ\ VXEVWUDWH GHSULYDWLRQ )DUPHU
HW DO  H[DPLQHG OLSLG GURSOHW DFFXPXODWLRQ LQ YLWUR XVLQJ PRXVH EUDLQ DVWURF\WH
FHOO OLQHV H[SUHVVLQJ YDULDQWV RI DSROLSRSURWHLQ ( $SR( VRPH RI ZKLFK DUH DVVRFLDWHG
ZLWK LQFUHDVHG ULVN RI $O]KHLPHU¶V GLVHDVH 7KH DXWKRUV IRXQG WKDW ZKHQ DVWURF\WHV DUH
SURYLGHG ZLWK ROHDWH D /&)$ OLSLG GURSOHWV DFFXPXODWH 7KH VDPH REVHUYDWLRQV KDYH
EHHQ PDGH LQ UDW KLSSRFDPSDO VOLFH DVWURF\WHV 6PROLþ HW DO  0RUHRYHU )DUPHU HW DO
 SURYLGH VRPH HYLGHQFH WKDW VXEVHTXHQW JOXFRVH GHSULYDWLRQ PRELOLVHG VWRUHG OLSLGV
VKRZQ XVLQJ &ROHDWH DQG &2 UHOHDVH ZKLFK ZDV LQKLELWHG XVLQJ WKH &37D LQKLELWRU
HWRPR[LU 7KHVH GDWD VXJJHVW WKDW WKH OLSLG GURSOHWV REVHUYHG LQ RXU VWXG\ ZHUH GHULYHG
IURP VHUXP OLSLGV SUHVHQW LQ WKH SODWLQJ PHGLXP +RZHYHU LW UHPDLQV WR EH GHWHUPLQHG
LI WKH\ FRXOG GHULYH DOVR IURP P\HOLQ GHEULV LQ WKH FXOWXUHV RU IURP ELRV\QWKHVLV IROORZLQJ
LQFXEDWLRQ LQ JOXFRVHULFK PHGLD DW WKH VWDUW RI WKH FXOWXUH 7KHVH GDWD DUH FRQVLVWHQW ZLWK
RXU OLSLGRPLF DQDO\VLV VKRZLQJ KLJKHU OLSLG GURSOHWDVVRFLDWHG 7* VSHFLHV DW W FRPSDUHG WR
WG XQGHU DOO JURZWK FRQGLWLRQV VXJJHVWLQJ WKDW IROORZLQJ SODWLQJ LQ VHUXP DQG JOXFRVHULFK
PHGLD DVWURF\WHV DFFXPXODWH OLSLG GURSOHWV 2XU REVHUYDWLRQV DGG WR H[LVWLQJ HYLGHQFH
WKDW DVWURF\WHV FDQ DFFXPXODWH DQG VWRUH OLSLGV )XUWKHU ZRUN LV UHTXLUHG WR XQHTXLYRFDOO\
GHWHUPLQH WKH VRXUFH RI WKH OLSLG GURSOHWV LQ RXU V\VWHP
5HFHQWO\ 6PROLþ HW DO  IRXQG WKDW  KRXUV RI JOXFRVH GHSULYDWLRQ LQFUHDVHG WKH
QXPEHU DQG VL]H RI OLSLG GURSOHWV LQ UDW FXOWXUHG DQG H[ YLYR KLSSRFDPSDO VOLFH DVWURF\WHV
,Q 'URVRSKLOD EUDLQ LQ YLYR OLSLG GURSOHWV ZHUH REVHUYHG XQGHU KHDOWK\ FRQGLWLRQV DQG
VXEMHFWLQJ WKH IOLHV WR K\SR[LD DQG VWDUYDWLRQ LQFUHDVHG WKH QXPEHU RI OLSLG GURSOHWV 7KH
DXWKRUV UHSRUW OLSLG GURSOHWV ZHUH SUHVHQW LQ DVWURF\WHOLNH JOLD EXW GLG QRW SURYLGH HYLGHQFH
WKDW WKHLU UHSRUWHU UHSR*DO ! 8$6/D(*)3 LV FHOOW\SH VSHFLILF 1RQHWKHOHVV WKH

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DXWKRUV SURYLGH HYLGHQFH WKDW OLSLG GURSOHWV PLJKW KDYH D UROH LQ EUDLQ FHOO UHVSRQVHV WR
DFXWH FHOOXODU VWUHVV VXFK DV K\SR[LD
:KHQ FRQVLGHULQJ WKHVH GDWD ZLWK RXUV WKH HQKDQFHG UHGXFWLRQ ZH REVHUYHG LQ 7*V DIWHU 
GD\V RI HQHUJ\ VXEVWUDWH GHSULYDWLRQ LQ PL[HG JOLDO FXOWXUHV VXJJHVWV OLSLG GURSOHW FRQWHQWV
DUH FRQVXPHG DIWHU HQHUJ\ GHSULYDWLRQLQGXFHG FHOOXODU VWUHVV 7KHUHIRUH ZH DGG WR WKH
DFFXPXODWLQJ NQRZOHGJH WKDW DVWURF\WH OLSLG GURSOHWV PLJKW DFW DV DQ HQHUJ\ UHVHUYH 2XU
GDWD VXJJHVW OLSLG GURSOHWV FDQ VXVWDLQ FHOOXODU PHWDEROLVP EH\RQG ZKDW LV SRVVLEOH ZLWK
JO\FRJHQ EXW WKLV UHPDLQV WR EH FRQILUPHG 3UHOLPLQDU\ H[SHULPHQWV XVLQJ EURPRFKURWRQLF
DFLG WR EORFN  R[LGDWLRQ OHG WR FHOO GHDWK LQ PL[HG JOLDO FXOWXUHV PDLQWDLQHG LQ JOXFRVHIUHH
'0 ZKLOVW FHOOV VXUYLYHG ZKHQ JOXFRVH ZDV SUHVHQW
2XU PL[HG JOLDO FXOWXUHV EXW QRW WKH (02/HQULFKHG FXOWXUHV FRQWDLQHG P\HOLQ GHEULV D
OLSLGULFK VXEVWDQFH WKDW FRXOG LQ WKHRU\ VXSSO\ OLSLGV WR DVWURF\WHV DIWHU VHUXP LV ZLWKGUDZQ
IURP WKH PHGLXP $VWURF\WHV ZLWKLQ PXOWLSOH VFOHURVLV 06 GHP\HOLQDWLQJ OHVLRQV FRQWDLQ
P\HOLQ GHEULV /HH HW DO  0RUFRV HW DO  3RQDWK HW DO  VXJJHVWLQJ WKH\
DUH SKDJRF\WLF FHOOV 0RUHRYHU LW KDV UHFHQWO\ EHHQ VKRZQ WKDW FXOWXUHG UDW EUDLQ DVWURF\WHV
FDQ SKDJRF\WRVH VSLQDO FRUG P\HOLQ GHEULV ZLWKLQ  PLQXWHV RI DGGLWLRQ 3RQDWK HW DO
 7KH SURFHVVLQJ RI P\HOLQ OLSLGV YLD WKH HQGRSODVPLF UHWLFXOXP OLNHO\ OHDGV WR WKH
V\QWKHVLV RI OLSLG GURSOHWV /HH HW DO  DV VKRZQ LQ PLFURJOLD 0DUVFKDOOLQJHU HW DO
 7KHUHIRUH LW ZLOO EH LPSRUWDQW WR GHWHUPLQH LI P\HOLQ GHEULV LQ RXU FHOO FXOWXUH V\VWHP
SURYLGHV DQ DOWHUQDWLYH IXHO VRXUFH IRU OLSLG GURSOHW V\QWKHVLV DQG  R[LGDWLRQ
8QOLNH DVWURF\WHV ROLJRGHQGURF\WHV GR QRW H[SUHVV &37D -HUQEHUJ HW DO  DQG DUH
QRW NQRZQ WR EH FRPSHWHQW LQ  R[LGDWLRQ (GPRQG HW DO  :H UDUHO\ REVHUYHG OLSLG
GURSOHWV LQ (02/V LQ PL[HG JOLDO FXOWXUHV 6XUSULVLQJO\ LQ WKH DEVHQFH RI DVWURF\WHV D PD
MRULW\ RI (02/V VXUYLYHG  GD\V RI H[RJHQRXV HQHUJ\ VXEVWUDWH GHSULYDWLRQ GHPRQVWUDWLQJ
DVWURF\WH  R[LGDWLRQ LV QRW HVVHQWLDO IRU WKH VXUYLYDO RI (02/V XQGHU WKHVH FRQGLWLRQV
&RPSDUHG WR RWKHU JOLD ROLJRGHQGURF\WHV DUH OLSLGULFK FHOOV WKDW FRXOG LQ WKHRU\ XWLOLVH WKHLU
PHPEUDQH OLSLGV DV D IXHO VRXUFH +RZHYHU LW LV EHOLHYHG WKDW P\HOLQDWLQJ JOLD GR QRW IDYRXU
OLSLGV DV D IXHO VRXUFH WR SUHYHQW WKH FDWDEROLVP RI P\HOLQ OLSLGV 3RLWHORQ HW DO  7KLV
VXJJHVWLRQ LV VXSSRUWHG E\ RXU OLSLGRPLF DQDO\VLV RI (02/HQULFKHG FXOWXUHV WKDW VKRZHG
OLWWOH FKDQJH LQ OLSLG OHYHOV EHWZHHQ W DQG WG LQ WKH SUHVHQFH RU DEVHQFH RI JOXFRVH

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+RZHYHU WKHUH LV QRW HQRXJK HYLGHQFH WR FRQFOXGH (02/V GR QRW SHUIRUP  R[LGDWLRQ
VLQFH FXUUHQW XQGHUVWDQGLQJ FRPHV RQO\ IURP LQ YLWUR GLIIHUHQWLDWHG FHOOV (GPRQG HW DO
 ,Q DOO LW LV XQOLNHO\ WKDW (02/V XWLOLVH OLSLG GURSOHWV DV DQ HQHUJ\ VRXUFH EXW WKLV
UHTXLUHV FRQILUPDWLRQ
'0(0 WKH EDVLV IRU '0 LQ RXU VWXG\ FRQWDLQV YLWDPLQV DQG ORZ OHYHOV RI DOO HVVHQWLDO
DPLQR DFLGV VRPH FRQGLWLRQDOO\ HVVHQWLDO DPLQR DFLGV DQG WKH QRQHVVHQWLDO DPLQR DFLGV
JO\FLQH /VHULQH DQG /W\URVLQH HTXDWLQJ WR  P0 ZKHQ FRPELQHG $PLQR DFLGV FDQ
EH R[LGLVHG WR JHQHUDWH $73 EXW WKHLU FRQWULEXWLRQ WR HQHUJ\ SURGXFWLRQ LQ QHXUDO FHOOV LV
QRW NQRZQ 2OLJRGHQGURF\WHV OLNH DOO FHOOV GHWHFW DPLQR DFLG DYDLODELOLW\ YLD LQGLYLGXDO
LQWUDFHOOXODU VHQVRU SURWHLQV WKDW FRQYH\ FKDQJHV WR P725& D WUDQVFULSWLRQ IDFWRU WKDW
UHJXODWHV DQDEROLF DQG FDWDEROLF SURFHVVHV ,Q ROLJRGHQGURF\WHV P725& LV UHTXLUHG IRU
QRUPDO P\HOLQDWLRQ /HEUXQ-XOLHQ HW DO  DQG OLNHO\ RUFKHVWUDWHV P\HOLQ ELRJHQHVLV
VLQFH LW LQYROYHV VXEVWDQWLDO OLSLG DQG SURWHLQ V\QWKHVLV WKXV FRQVXPLQJ ODUJH DPRXQWV RI
DPLQR DFLGV 7KDW VDLG WKH SUHFLVH PHFKDQLVPV WKDW UHJXODWH LQWUDFHOOXODU DPLQR DFLGV
FRQFHQWUDWLRQV DUH QRW IXOO\ XQGHUVWRRG *DXWKLHU&ROHV HW DO 
$PLQR DFLGV FDQ EH FRQYHUWHG WR HQHUJ\ VXEVWUDWHV LQ FHOOV E\ R[LGDWLYH GHDPLQDWLRQ RU
WUDQVDPLQDWLRQ ZKLFK JHQHUDWHV LQWHUPHGLDWHV RI JO\FRO\VLV DQG WKH 7&$ F\FOH DQG NHWRQH
ERGLHV IRU DFHW\O &R$ SURGXFWLRQ &HOO FXOWXUH '0(0 FRQWDLQV DPLQR DFLGV WKDW FRPSHWHQW
FHOOV FDQ FRQYHUW WR DFHW\O&R$ ↵NHWRJOXWDUDWH VXFFLQ\O&R$ IXPDUDWH DQG S\UXYDWH
0RUHRYHU ROLJRGHQGURF\WHV DUH UHSRUWHGO\ FDSDEOH RI S\UXYDWH FDUER[\ODWLRQ PHDQLQJ WKH\
FDQ JHQHUDWH R[DORDFHWDWH IURP S\UXYDWH WR VXVWDLQ WKH 7&$ F\FOH $PDUDO HW DO 
7KHUHIRUH LQ WKHRU\ DPLQR DFLGV DORQH FRXOG VXVWDLQ (02/ HQHUJ\ PHWDEROLVP +DG
WLPH DOORZHG ZH ZRXOG KDYH FXOWXUHG PL[HG JOLD RU (02/V LQ DPLQR DFLGIUHH '0(0 DQG
UHWXUQHG LQGLYLGXDO DPLQR DFLGV WR DVVHVV LI WKH\ HQKDQFHG VXUYLYDO RU JURZWK
7KH TXHVWLRQ LV GR ROLJRGHQGURJOLD FRQWDLQ WKH HQ]\PDWLF PDFKLQHU\ UHTXLUHG WR XWLOLVH
DPLQR DFLGV IRU HQHUJ\ SURGXFWLRQ" 7R RXU NQRZOHGJH WKLV TXHVWLRQ KDV QRW EHHQ DGGUHVVHG
ZLWKLQ WKH OLWHUDWXUH DOWKRXJK WKH SRVVLELOLW\ KDV EHHQ FRQVLGHUHG )RU H[DPSOH 5LQKROP
HW DO  H[DPLQHG WKH HIIHFWV RI JOXFRVH DQG ODFWDWH RQ 23&PDWXUDWLRQ DQG P\HOLQDWLRQ
LQ UDW H[ YLYR VOLFH FXOWXUHV +RZHYHU WKH DXWKRUV PDGH WKHLU ORZ JOXFRVH WUHDWPHQWV 
DQG  P0 LQ '0(0 FRQWDLQLQJ PRUH DPLQR DFLGV WKDQ WKHLU KLJK JOXFRVH WUHDWPHQWV
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   P0 DQG DFNQRZOHGJHG WKDW WKH DGGLWLRQDO DPLQR DFLGV LQ WKH ORZ JOXFRVH
FRQGLWLRQV FRXOG LQ WKHRU\ EH XVHG IRU $73 SURGXFWLRQ +RZHYHU WKH DXWKRUV IRXQG WKDW
JOXFRVH KDG WKH GRPLQDQW HIIHFW ZLWK ROLJRGHQGURJOLDO VXUYLYDO DQG PDWXUDWLRQ SURSRUWLRQDO
WR JOXFRVH DYDLODELOLW\ 7KHUHIRUH WKH FRQWULEXWLRQ RI DPLQR DFLGV WR HQHUJ\ SURGXFWLRQ LV
OLNHO\ QHJOLJLEOH LQ FRPSDULVRQ WR JOXFRVH DW OHDVW LQ H[ YLYR PRGHOV
7KHUH LV FXUUHQWO\ QR HYLGHQFH WKDW ROLJRGHQGURF\WHV SHUIRUP JOXFRQHRJHQHVLV 7HSDYþHYLü
 WKHUHIRUH DPLQR DFLGV ZRXOG QRW SURYLGH FDUERQV IRU WKH SHQWRVH SKRVSKDWH SDWKZD\
WR JHQHUDWH 1$'3+ ZKLFK ROLJRGHQGURF\WHV UHTXLUH WR VXSSRUW OLSLG ELRV\QWKHVLV $PDUDO
HW DO  /DFN RI SHQWRVH SKRVSKDWH SDWKZD\ DFWLYLW\ ZRXOG DOVR OLPLW QXFOHRWLGH
SURGXFWLRQ IRU 51$ V\QWKHVLV DOWKRXJK ZH IRXQG QR GLIIHUHQFHV LQ 51$ FRQWHQW SHU FHOO
HVWLPDWHG IURP FHOO FRXQWV DQG 51$ \LHOG LQ WKH JOXFRVH GHSULYHG FRQGLWLRQV 0RUHRYHU
DPLQR DFLGV DUH UHTXLUHG IRU ELRV\QWKHWLF SURFHVVHV LQFOXGLQJ WKH V\QWKHVLV RI PHWDEROLF
HQ]\PHV IRU FHOOXODU PHWDEROLVP DQG HQHUJ\ SURGXFWLRQ :H DFNQRZOHGJH WKDW LQ RXU
62 PHGLD WKHUH ZDV DOVR D ODFN RI % YLWDPLQV UHTXLUHG LQ VRPH PHWDEROLF SDWKZD\V %DM
DQG 6LHQLDZVND  7KHUHIRUH LW LV QRW FOHDU ZKHWKHU ZLWKGUDZDO RI DPLQR DFLGV DQG
YLWDPLQV DIIHFW (02/V E\ GHSULYLQJ WKHP RI HQHUJ\ VRXUFHV UHPRYDO RI EXLOGLQJ EORFNV
ODFN RI FRIDFWRUV IRU FHOO PHWDEROLVP RU DOO RI WKH DERYH
:H IRXQG WKDW (02/V LQ HQULFKHG FXOWXUHV ZHUH VLPLODU LQ VL]H ZKHWKHU JURZQ LQ  DQG  P0
JOXFRVH '0 EXW ZHUH ODUJHU LQ +( PHGLD 7KLV VXJJHVWV  P0 JOXFRVH LV OLPLWLQJ IRU JURZWK
$V GLVFXVVHG LQ &KDSWHU  DXWRSKDJ\ LV XWLOLVHG E\ FHOOV XQGHU VWUHVV WR SURYLGH HQHUJ\
VXEVWUDWHV /XP HW DO  +RVRNDZD HW DO  DQG P\HOLQDWLQJ ROLJRGHQGURF\WHV
H[SUHVV KLJK OHYHOV RI DXWRSKDJ\UHODWHG SURWHLQV %DQNV  7KHUHIRUH WKH DFWLYLW\
RI DXWRSKDJ\ LQ (02/HQULFKHG FXOWXUHV VKRXOG EH DVVHVVHG LQ IXWXUH H[SHULPHQWV DV D
FDQGLGDWH IRU VXSSRUWLQJ VXUYLYDO LQ WKH DEVHQFH RI H[RJHQRXV HQHUJ\ VXEVWUDWHV
:KHQ PL[HG JOLD ZHUH SODWHG RQWR QDQRILEHUV (02/V IRUPHG P\HOLQ ZUDSV ZKHQ SURYLGHG
ZLWK JOXFRVH EXW QRW LQ FRQGLWLRQV ODFNLQJ PDMRU HQHUJ\ VXEVWUDWHV 7KLV LV XQVXUSULVLQJ DV
RWKHUV KDYH UHSRUWHG WKDW JOXFRVH GHSULYDWLRQ LQKLELWV P\HOLQDWLRQ <DQ DQG 5LYNHHV 
DQG 5LQKROP HW DO  IRXQG LQ UDW RU PRXVH EUDLQ VOLFH FXOWXUHV UHVSHFWLYHO\ WKDW < 
P0 JOXFRVH LQKLELWHG P\HOLQDWLRQ DQG UHGXFHG WKH QXPEHU RI 0%3 FHOO FRXQWV ,Q ERWK
VWXGLHV '0(0EDVHG FXOWXUH PHGLD ZDV XVHG DQG WKHUHIRUH DPLQR DFLGV LQ WKH DEVHQFH
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RI JOXFRVH GLG QRW SURYLGH VXIILFLHQW HQHUJ\ WR VXSSRUW P\HOLQDWLRQ ,Q RXU QDQRILEHUV
H[SHULPHQW ZH REVHUYHG D ORZ FHOO GHQVLW\ DQG FDQQRW UXOH RXW WKH HIIHFWV RI GLVUXSWHG
LQWHUJOLD VXSSRUW SDUWLFXODUO\ VLQFH DVWURF\WHV VXSSO\ OLSLGV IRU P\HOLQDWLRQ &DPDUJR HW DO
 2WKHUV KDYH UHSRUWHG P\HOLQDWLRQ RI QDQRILEHUV E\ SULPDU\ ROLJRGHQGURF\WHV LQ WKH
DEVHQFH RI DVWURF\WHV ZKHQ HQHUJ\ VXEVWUDWHV ZHUH SURYLGHG /HH HW DO   /L
HW DO  %HFKOHU HW DO  %HFKOHU 
2OLJRGHQGURF\WHV DQG DVWURF\WHV DUH KLJKO\ LQWHUFRQQHFWHG E\ JDS MXQFWLRQV LQ YLYR UH
YLHZHG E\ 2UWKPDQQ0XUSK\ HW DO  DQG 3DSDQHRSK\WRX HW DO  OLNHO\ OHVV
VR LQ ' FXOWXUHV KHOSLQJ H[SODLQ ZK\ (02/DVWURF\WH G\H FRXSOLQJ ZDV REVHUYHG RQO\
UDUHO\ 3UHVXPDEO\ JDS MXQFWLRQV RFFXU DW WKH WHUPLQL RI (02/ QDQRWXEHOLNH VWUXFWXUHV RQ
DVWURF\WHV :H DUH WR RXU NQRZOHGJH WKH ILUVW WR UHSRUW WKDW (02/V H[WHQW QDQRWXEHOLNH
VWUXFWXUHV WRZDUG DVWURF\WHV +RZHYHU ZH IRXQG WKDW QDQRWXEHV ZHUH SUHVHQW WR WKH VDPH
H[WHQW UHJDUGOHVV RI H[RJHQRXV HQHUJ\ VXEVWUDWH DYDLODELOLW\ VXJJHVWLQJ WKHLU IXQFWLRQ LV
OLNHO\ LQGHSHQGHQW RI WUDQVFHOOXODU HQHUJ\ SURYLVLRQ XQGHU WKHVH H[SHULPHQWDO FRQGLWLRQV
7KH IRUPDWLRQ RI QDQRWXEHV LQ JOLD LV SRRUO\ XQGHUVWRRG 8VLQJ IOXRUHVFHQW SURWHLQ
H[SUHVVLQJ FHOOV LQ YLWUR :DQJ HW DO  UHSRUWHG WKDW DVWURF\WHDVWURF\WH RU DVWURF\WH
QHXURQ QDQRWXEHV IRUPHG DV D UHVXOW RI FHOOXODU VWUHVV 6SHFLILFDOO\ WKH\ VKRZHG WKDW
DVWURF\WHV GHSULYHG RI VHUXP IRU  GD\V WKHQ UHWXUQHG WR FRFXOWXUH ZLWK QRQVWUHVVHG
FHOOV H[WHQGHG QDQRWXEHV WRZDUGV WKHVH QHLJKERXULQJ FHOOV :H IRXQG WKDW (02/V RQO\
H[WHQGHG QDQRWXEHV ZKHQ DVWURF\WHV ZHUH SUHVHQW UHJDUGOHVV RI HQHUJ\ VXEVWUDWH DYDLO
DELOLW\ VXJJHVWLQJ WKH\ DUH LQGXFHG E\ DVWURF\WHV RU DVWURF\WHGHULYHG IDFWRUV (02/
QDQRWXEHV DUH OLNHO\ DQ H[DJJHUDWLRQ RI LQWHUJOLDO FRQQHFWLRQV LQ YLYR WKDW DUH HQKDQFHG
GXH WR LQFUHDVHG FHOOXODU VSDFLQJ LQ YLWUR
$VWURF\WHV VHFUHWH D SOHWKRUD RI SURWHLQV WKDW IXQFWLRQ LQ QHXURJHQHVLV D[RQ JXLGDQFH
H[WUDFHOOXODU PDWUL[ RUJDQLVDWLRQ DQG KRPHRVWDVLV -KD HW DO  0RUHRYHU WKH
DVWURF\WH VHFUHWRPH LQFOXGHV NH\ SURWHLQV WKDW DUH NQRZQ WR UHJXODWH ROLJRGHQGURF\WH
PDWXUDWLRQ DQG P\HOLQDWLRQ VHFWLRQ  (02/DVWURF\WH QDQRWXEHV UHSUHVHQW DQ DUHD
IRU IXUWKHU LQYHVWLJDWLRQ DQG SURYLGH SUHOLPLQDU\ HYLGHQFH WKDW WKH (02/ PLJKW DFWLYHO\
VHHN WR FRQQHFW ZLWK DVWURF\WHV
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(02/ QDQRWXEHV FRQWDLQHG SHUR[LVRPHV ZKLFK DUH VPDOO RUJDQHOOHV LQYROYHG LQ WKH EUHDN
GRZQ RI 9/&)$V IRU PLWRFKRQGULDO  R[LGDWLRQ DQG DUH WUDQVSRUWHG DORQJ PLFURWXEXOHV
6FKUDGHU HW DO  :LHPHU HW DO  E\ PROHFXODU PRWRUV VXFK DV G\QHLQV DQG
NLQHVLQV +LURNDZD HW DO  .DUGRQ DQG 9DOH  ,Q WKH SRVWP\HOLQDWLRQ ROLJRGHQ
GURF\WH LQ YLYR SHUR[LVRPHV DUH IRXQG LQ SDUDQRGDO ORRSV .DVVPDQQ HW DO  EXW
WKHLU GHILQLWLYH IXQFWLRQ UHPDLQV WR EH XQGHUVWRRG .DVVPDQQ  K\SRWKHVLVHG WKDW
P\HOLQ SHUR[LVRPHV SHUIRUP  R[LGDWLRQ RI 9/&)$ WR /&)$V IRU WUDQVFHOOXODU H[FKDQJH WR
VXSSO\ OLSLG WR WKH D[RQDO FRPSDUWPHQW 2XU GDWD VXJJHVW WKH\ PLJKW LQVWHDG VHTXHVWHU
9/&)$V IURP DVWURF\WHV WR VXSSRUW P\HOLQDWLRQ
,Q WKLV FKDSWHU ZH DLPHG WR XQGHUVWDQG WKH PHFKDQLVPV WKDW DOORZ VSLQDO FRUG (02/V
DQG RWKHU JOLD WR VXUYLYH  GD\V RI H[RJHQRXV HQHUJ\ VXEVWUDWH GHSULYDWLRQ :H VKRZHG
WKDW (02/V H[WHQG QDQRWXEHV WRZDUGV DVWURF\WHV EXW WKHVH OLNHO\ GR QRW FRQWULEXWH WR
WUDQVFHOOXODU HQHUJ\ SURYLVLRQ 7KHUHIRUH ZH SUREHG WKH PHWDEROLF DGDSWDWLRQV RI PL[HG
JOLDO FXOWXUHV DQG IRXQG HYLGHQFH IRU FKDQJHV LQ OLSLG PHWDEROLVP ([DPLQLQJ PL[HG JOLDO
FXOWXUHV IRU OLSLG GURSOHWV UHYHDOHG WKDW DVWURF\WHV FRQWDLQ PDQ\ DQG DV VXJJHVWHG E\
OLSLGRPLF DQDO\VLV DUH OLNHO\ FRQVXPHG DV DQ HQHUJ\ VRXUFH GXULQJ  GD\V RI JOXFRVH
JOXWDPLQH DQG S\UXYDWH GHSULYDWLRQ $VWURF\WH OLSLG GURSOHWV KRZHYHU DUH XQOLNHO\ WR
VXSSRUW (02/ FHOO PHWDEROLVP DQG DQ DOWHUQDWLYH IXHO VRXUFH PXVW VXVWDLQ WKHP LQ WKH
DEVHQFH RI PDMRU HQHUJ\ VXEVWUDWHV ZKLFK ZH VSHFXODWH FRXOG EH DPLQR DFLGV RU SURGXFWV
RI DXWRSKDJ\ $V D ILQDO WHVW RI FHOO IXQFWLRQ H[RJHQRXV HQHUJ\ VXEVWUDWHGHSULYHG (02/V
GLG QRW P\HOLQDWH QDQRILEHUV DQG ZH VSHFXODWH WKDW WKH DEVHQFH LQWHUJOLDO FRQWDFW FRXOG





 6XPPDU\ RI PDLQ ILQGLQJV
'XULQJ GHYHORSPHQW EUDLQ (02/V DUH SDUWLFXODUO\ VXVFHSWLEOH WR LQMXU\ IURP K\SR[LD
LVFKDHPLD %DVHG RQ GLIIHUHQFHV LQ UHJLRQV RI RULJLQ DQG WUDQVFULSWLRQDO SURILOHV RI EUDLQ YV
VSLQDO FRUG (02/V )ORULGGLD HW DO  DV ZHOO DV LQ EORRG YHVVHO GHQVLWLHV RI WKH WZR
&16 FRPSDUWPHQWV 2¶0HDUD HW DO  +HUQDQGH]*HUH] HW DO  WKH RYHUDUFKLQJ
DLP RI WKLV WKHVLV ZDV WR FKDUDFWHULVH WKH UHVSRQVH RI VSLQDO FRUG (02/V WR K\SR[LD 7KLV
ZDV GRQH WR KHOS XQGHUVWDQG WKHLU UHVSRQVH LQ GLVHDVH SDUDGLJPV RI GHYHORSPHQW VXFK
DV 60$ EXW DOVR RI DGXOWKRRG ZKHUH (02/V UHP\HOLQDWH GHP\HOLQDWHG D[RQV IROORZLQJ
SDWKRORJ\ 7KH XQH[SHFWHG ILQGLQJ WKDW FHOOV VXUYLYHG IRU  GD\V LQ WKH DEVHQFH RI JOXFRVH
DQG RWKHU PDMRU HQHUJ\ VRXUFHV OHG XV WR H[SDQG WKH DLPV RI WKLV WKHVLV WR H[SORUH WKH UROH
RI HQGRJHQRXV HQHUJ\ VXEVWUDWH VWRUDJH DQG XWLOLVDWLRQ
 /LPLWDWLRQV RI WKH VWXG\
7KH FXUUHQW VWXG\ KDV VHYHUDO OLPLWDWLRQV WKDW VKRXOG EH FRQVLGHUHG ZKHQ H[WUDSRODWLQJ
WKH GDWD WR WKH LQ YLYR VLWXDWLRQ )LUVW DV ZLWK DOO LQ YLWUR VWXGLHV WKH LQ YLYR FRQWH[W LV
PLVVLQJ 7KLV LQFOXGHV QRW RQO\ &16 FRPSRQHQWV LQ WKHLU HQWLUHW\ EXW DOVR FRQQHFWLRQ
WR WKH HQGRFULQH DQG LPPXQH V\VWHPV DV ZHOO DV WKH JXW PLFURELRPH 1RQHWKHOHVV LQ
YLWUR PRGHOV FDQ EH XVHIXO ZKHQ RQH LV LQWHUHVWHG LQ XQGHUVWDQGLQJ FHOOLQWULQVLF SURSHUWLHV
UHPRYHG IURP H[WHUQDO LQIOXHQFHV RU ZKHUH WKH TXHVWLRQ FDQQRW EH HDVLO\ DGGUHVVHG LQ
YLYR IRU H[DPSOH GXH WR WKH VXIIHULQJ LW ZRXOG FDXVH $Q HVVHQWLDO FRPSRQHQW RI WKH
ZKLWH PDWWHU LQ YLYR LV QHXURQDO D[RQV 2XU LQ YLWUR PRGHO H[FOXGHG QHXURQDO FHOO ERGLHV
ZKLFK DUH UDUH LQ ZKLWH PDWWHU DQG LQHYLWDEO\ WKHLU D[RQV 1RQHWKHOHVV WKLV FRQIHUUHG DQ
DGYDQWDJH DV LW DOORZHG XV WR VWXG\ WKH UHVSRQVH RI (02/V WR K\SR[LD DQG LWV VHFRQGDU\
HIIHFWV LQ WKH DEVHQFH RI QHXURQDO FHOO GHDWK ZKLFK LV OLNHO\ WR FRQIRXQG LQWHUSUHWDWLRQ RI
JOLDVSHFLILF UHVSRQVHV
,Q &KDSWHU  ZH PDLQWDLQHG FHOO FXOWXUHV LQ DQ DQR[LF FKDPEHU ZKLFK OLNHO\ GLG QRW UHVXOW
LQ IXOO R[\JHQ GHSOHWLRQ GXH WR R[\JHQ SUHVHQW LQ WKH PHGLD DW WKH VWDUW RI H[SHULPHQWDWLRQ
GHVSLWH WKH R[\JHQGHSOHWHG DWPRVSKHUH :H GLG KRZHYHU GHPRQVWUDWH WKDW (02/V ZHUH
UHVLVWDQW WR DFXWH FKHPLFDO K\SR[LD D VXUURJDWH IRU R[\JHQ GHSULYDWLRQ 2XU H[SHULPHQWV
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VXEMHFWLQJ PL[HG JOLD WR R[\JHQ GHSULYDWLRQ VKRXOG EH UHSHDWHG ZLWK DGGLWLRQDO ]HURR[\JHQ
JDV IOXVKHV RI WKH DQR[LF FKDPEHU
,Q &KDSWHU  ZH VWXGLHG WKH UHVSRQVH RI VSLQDO FRUG (02/V DQG RWKHU JOLD WR WKH LQGLYLGXDO
VHFRQGDU\ FRPSRQHQWV RI K\SR[LD :KLOVW DFNQRZOHGJLQJ WKDW K\SR[LFLVFKDHPLF LQMXU\
LQ WKH &16 FRPELQHV K\SR[LD DQGRU JOXFRVH GHSULYDWLRQ ZLWK DOO WKHVH VHFRQGDU\ FRQVH
TXHQFHV WKH DSSURDFK ZH WRRN DOORZHG XV WR LGHQWLI\ LQGLYLGXDO IDFWRUV WKDW FRQWULEXWH WR
LQMXU\ PRVW SDUWLFXODUO\ DQ DFLGLF H[WUDFHOOXODU PLOLHX
:LWK UHVSHFW WR WKH WRWDO ZLWKGUDZDO RI H[RJHQRXV JOXFRVH WKLV LV OLNHO\ D UDUH HYHQW LQ YLYR
VLQFH LW LV WKH PHWDEROLVP RI JOXFRVH WR S\UXYDWH WKHQ ODFWDWH WKDW LV UHVSRQVLEOH IRU WKH
ODFWLF DFLGRVLV LQ K\SR[LDLVFKDHPLD +RZHYHU LQ YLWUR PRGHOOLQJ RIWHQ UHTXLUHV LQFUHDVHG
VHYHULW\ DQG GXUDWLRQ RI LQVXOW WR LQGXFH FHOOXODU LQMXU\ FRPSDUDEOH WR WKH LQ YLYR VLWXDWLRQ
&RQVHTXHQWO\ WKH FRPSOHWH ZLWKGUDZDO RI JOXFRVH LQ DGGLWLRQ WR S\UXYDWH DQG JOXWDPLQH
ZDV DQWLFLSDWHG WR SURYLGH D SRVLWLYH FRQWURO IRU FHOO GHDWK LQ &KDSWHU  7KH XQH[SHFWHG
ILQGLQJ WKDW FHOOV ZHUH UHVLVWDQW WR H[RJHQRXV HQHUJ\ VXEVWUDWH GHSULYDWLRQ EHFDPH WKH
IRFXV RI &KDSWHU 
,Q &KDSWHU  ZH H[DPLQHG P51$ OHYHOV DV D PDUNHU RI WKH H[SUHVVLRQ OHYHOV RI NH\
UHJXODWRU\ PHWDEROLF HQ]\PHV 7KLV DSSURDFK KDV WZR OLPLWDWLRQV ILUVW P51$ OHYHOV GR
QRW QHFHVVDULO\ UHIOHFW SURWHLQ OHYHOV VHFRQG PRGXODWLRQ RI HQ]\PDWLF DFWLYLW\ RFFXUV DW
PXOWLSOH OHYHOV ZLWK P51$ H[SUHVVLRQ EHLQJ RQO\ RQH RI WKHP
)LQDOO\ DOWKRXJK ZH ZHUH LQWHUHVWHG LQ XQGHUVWDQGLQJ WKH VXVFHSWLELOLW\ RI EUDLQ YV VSLQDO
FRUG (02/V WR K\SR[LD WKLV ZRXOG KDYH UHTXLUHG WZR VHWV RI DQLPDOV DW GLIIHUHQW DJHV WR
VLPXOWDQHRXVO\ FDSWXUH DQG FXOWLYDWH FHOOV DW VLPLODU GHYHORSPHQWDO WLPH SRLQWV 7KLV SURYHG
WRR GLIILFXOW WR DFKLHYH ZLWKLQ WKH WLPH IUDPH EXW GRHV QRW GHWUDFW IURP RXU REVHUYDWLRQV
 0HWDEROLF FKDUDFWHULVWLFV RI VSLQDO FRUG (02/V
'HVSLWH WKH DFNQRZOHGJHG OLPLWDWLRQV RI WKH VWXG\ ZH IRXQG LQ &KDSWHU  WKDW QHRQDWDO
PXULQH VSLQDO FRUG ZDV ULFK LQ %&$6 (02/V IURP ZKLFK ZH VXEVHTXHQWO\ JHQHUDWHG
PL[HG JOLDO FXOWXUHV WR XVH DV DQ LQ YLWUR PRGHO RI HDUO\ P\HOLQDWLQJ VSLQDO FRUG JOLD 8VLQJ
SKDUPDFRORJLFDO LQKLELWRUV RI JO\FRO\VLV DQG 2;3+26 ZH IRXQG WKDW VSLQDO FRUG (02/V
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ZHUH UHVLVWDQW WR FKHPLFDO K\SR[LD LQ WKH VKRUW WHUP 8QH[SHFWHGO\ (02/V DQG RWKHU JOLD
ZHUH UHVLVWDQW WR  KRXUV RI JOXFRVH GHSULYDWLRQ 7KHVH GDWD DORQH FRQWUDVW ZLWK SXEOLVKHG
OLWHUDWXUH IRU EUDLQ (02/V DQG VXJJHVW WKHUH LV OLPLWHG VFRSH IRU VWXGLHV FDUULHG RXW LQ
WKH EUDLQ RU WKHLU FHOOV WR EH H[WUDSRODWHG WR WKH VSLQDO FRUG 1RWZLWKVWDQGLQJ ZH IRXQG
QR RWKHU VWXG\ WKDW FRPSOHWHO\ GHSOHWHG JOXFRVH DQG RWKHU H[RJHQRXV HQHUJ\ VXEVWUDWHV
IRU DQ H[WHQGHG SHULRG RI WLPH DV ZDV GRQH LQ WKH FXUUHQW VWXG\ 7KHUHIRUH FRPSDUDEOH
JURZWK FRQGLWLRQV DUH UHTXLUHG WR DOORZ D IXOO FRPSDULVRQ 1RQHWKHOHVV RXU GDWD DUH LQ OLQH
ZLWK WKH LQ YLYR ZRUN RI 2¶0HDUD HW DO  ZKR UHSRUWHG VSLQDO FRUG P\HOLQDWLRQ DQG
WKHUHIRUH (02/ YLDELOLW\ LV XQSHUWXUEHG E\ WLVVXH K\SR[LD LQ D PRXVH 60$PRGHO
,Q &KDSWHU  ZH H[DPLQHG WKH UHVSRQVH RI VSLQDO FRUG (02/V WR VHFRQGDU\ FRPSRQHQWV
RI WKH K\SR[LF HQYLURQPHQW WR XQGHUVWDQG ZKDW IDFWRUV PLJKW FRQIHU LQFUHDVHG WROHUDQFH WR
K\SR[LD :H IRXQG WKDW (02/V ZHUH YXOQHUDEOH WR H[WUDFHOOXODU DFLGRVLV RU WKH FRPSOHWH
ZLWKGUDZDO RI DPLQR DFLGV DQG YLWDPLQV EXW ZHUH UHPDUNDEO\ WROHUDQW WR WUHDWPHQW ZLWK 71)
DQG ,)1  IRU  GD\V 5HFHQW LQ YLYR HYLGHQFH IURP $QGR HW DO  XVLQJ WKH VDPH 60$
PRXVH PRGHO DV 2¶0HDUD HW DO  VKRZHG LQFUHDVHG PDUNHUV RI PLFURJOLDO R[LGDWLYH
VWUHVV DQG DVWURJOLRVLV LQ WKH VSLQDO FRUG LQGLFDWLYH RI LQIODPPDWLRQ 7KHUHIRUH RXU GDWD
DUH FRPSDWLEOH ZLWK WKH UHVLOLHQFH WR LQIODPPDWLRQ REVHUYHG LQ YLYR LQ 60$PRGHOV ZKHUH
GHYHORSPHQWDO P\HOLQDWLRQ SURFHHGV QRUPDOO\ DW OHDVW XQWLO WKH VWXG\ HQGSRLQW 3 0RVW
VXUSULVLQJO\ RXU VSLQDO FRUG JOLD VXUYLYHG  GD\V LQ WKH DEVHQFH RI JOXFRVH S\UXYDWH DQG
JOXWDPLQH 7KLV VXJJHVWV WKH\ PXVW XVH VXEVWUDWHV WKDW HYHQWXDOO\ XQGHUJR 2;3+26 WR
JHQHUDWH $73 2EYLRXVO\ WKLV ZRXOG QRW EH SRVVLEOH LQ D K\SR[LF HQYLURQPHQW DQG WKHVH
REVHUYDWLRQV WRRN WKH ZRUN LQ D GLIIHUHQW GLUHFWLRQ RQH LQ ZKLFK ZH H[DPLQHG HQGRJHQRXV
HQHUJ\ VXEVWUDWH VWRUDJH DQG XVH
'HVSLWH WKHLU VXUYLYDO RQ JODVV FRYHUVOLSV VSLQDO FRUG (02/V IDLOHG WR P\HOLQDWH QDQRILEHUV
LQ WKH DEVHQFH RI H[RJHQRXV HQHUJ\ VXEVWUDWHV DQG FHOOV IDLOHG WR VXUYLYH :H FRQFOXGHG
FHOO GHQVLW\ PLJKW EH LPSRUWDQW LQ VXUYLYDO VLQFH FHOOWRFHOO FRQWDFW ZKLFK ZDV ODFNLQJ LQ WKH
QDQRILEHU H[SHULPHQWV ZRXOG IDFLOLWDWH PHWDEROLF VXSSRUW EHWZHHQ JOLD ,W LV XQVXUSULVLQJ
JLYHQ WKH HQHUJ\ UHTXLUHPHQWV RI P\HOLQDWLRQ WKDW LW IDLOHG LQ WKHVH FLUFXPVWDQFHV ,Q
WKH ZRUN RI 2¶0HDUD HW DO  ZKHUH QR GHILFLW LQ P\HOLQDWLRQ ZDV REVHUYHG GHVSLWH
K\SRSHUIXVLRQ RI WKH VSLQDO FRUG FHOOWRFHOO FRQWDFW DQG WKH SURYLVLRQ RI PLQLPDO TXDQWLWLHV
RI HQHUJ\ VXEVWUDWHV DQG QXWULHQWV ZHUH OLNHO\ DEOH WR VXSSRUW P\HOLQDWLRQ

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,Q VXPPDU\ VSLQDO FRUG (02/V LQ YLWUR DUH UHODWLYHO\ UHVLVWDQW WR K\SR[LD DQG ZLWKGUDZDO
RI H[RJHQRXV HQHUJ\ VXEVWUDWHV VR ORQJ DV PLQLPDO TXDQWLWLHV RI HVVHQWLDO IDFWRUV DPLQR
DFLGV DQG YLWDPLQV FDQ UHDFK FHOOV
 $VWURF\WHV OLNHO\ VWRUH DQG XWLOLVH OLSLGV UHJDUGOHVV RI HQHUJ\
VXEVWUDWH DYDLODELOLW\
7KH VXUYLYDO RI VSLQDO FRUG (02/V DQG JOLD IROORZLQJ  GD\V RI H[RJHQRXV JOXFRVH GHS
ULYDWLRQ DQG RWKHU H[RJHQRXV HQHUJ\ VXEVWUDWHV OHG XV WR LQYHVWLJDWH WKH PHWDEROLF
DGDSWDWLRQV WKDW PLJKW H[SODLQ WKLV LQ &KDSWHU  ,Q DGGLWLRQ WR VWRULQJ OLPLWHG UHVHUYHV RI
JO\FRJHQ YHU\ UHFHQW UHSRUWV GHPRQVWUDWH WKDW DVWURF\WHV FDQ VWRUH OLSLGV LQ OLSLG GURSOHWV
)DUPHU HW DO  6PROLþ HW DO  DQG PRELOLVH WKHP LQ WKH DEVHQFH RI H[RJHQRXV
JOXFRVH ZKLFK WKH DXWKRUV VSHFXODWH VXSSRUWV HQHUJ\ PHWDEROLVP )DUPHU HW DO 
2XU OLSLGRPLF DQDO\VLV VKRZHG WKDW OLSLGGURSOHW DVVRFLDWHG 7* VSHFLHV ZHUH UHGXFHG DIWHU
 GD\V RI FXOWXUH ZLWK WKH KLJKHVW UHGXFWLRQ LQ JOXFRVHIUHH '0 7KXV ZH GHPRQVWUDWH IRU
WKH ILUVW WLPH WKDW IROORZLQJ WKH ZLWKGUDZDO RI JOXFRVH S\UXYDWH DQG JOXWDPLQH FKDQJHV LQ
OLSLG GURSOHWDVVRFLDWHG OLSLGV FRUUHVSRQG ZLWK PDLQWHQDQFH RI FHOO GHQVLWLHV DQG VXUYLYDO
7KLV VXJJHVWV WKDW OLSLGV VWRUHG DW WKH RXWVHW RI WKH H[SHULPHQW IURP WKH VHUXPULFK PHGLD
P\HOLQ GHEULV RU WKDW DUH V\QWKHVLVHG IURP JOXFRVH DUH XWLOLVHG WR VRPH GHJUHH UHJDUGOHVV
RI HQHUJ\ VXEVWUDWH DYDLODELOLW\ 7KLV ILQGLQJ UDLVHV WKH LQWULJXLQJ SRVVLELOLW\ WKDW JOXFRVH
PLJKW QRW EH WKH REOLJDWH HQHUJ\ VRXUFH IRU VSLQDO FRUG JOLD
,V WKLV VLPSO\ DQ LQ YLWUR SKHQRPHQRQ" &DQ DVWURF\WHV RU &16 FHOOV LQ JHQHUDO DFFHVV OLSLGV
IURP WKH SHULSKHU\ LQ YLYR" 6HUXP SUHVHQW LQ PHGLD GXULQJ LQLWLDO FXOWXUH SODWLQJ LV DNLQ WR
FLUFXODWLQJ OLSLGV LQ WKH SHULSKHU\ ZKLFK DV GLVFXVVHG LQ VHFWLRQ  FDQ FURVV WKH %%%
DQG EH PHWDEROLVHG LQ YLYR $OOZHLV HW DO  (EHUW HW DO  &DPDUJR HW DO 
(DUO\ SRVWQDWDO PDPPDOV KDYH D PLONULFK GLHW DQG D UHODWLYHO\ KLJK OHYHO RI FLUFXODWLQJ
OLSLGV ZKLFK LV SRVWXODWHG WR VXSSRUW P\HOLQDWLRQ IROORZLQJ NHWRJHQHVLV LQ WKH OLYHU 1HKOLJ
DQG 3HUHLUD GH 9DVFRQFHORV  6WRUDJH RI OLSLGV IURP WKH SHULSKHU\ LQ DVWURF\WHV
ZRXOG LQ SULQFLSOH DOORZ LQ VLWX NHWRJHQHVLV WR VXSSRUW QHXUDO FHOOV ZLWK NHWRQH ERGLHV DV
SURSRVHG E\ *X]PiQ DQG %Oi]TXH]  $OWKRXJK OLSLGV FDQ FURVV WKH %%% DW DOO DJHV
OLSLG GURSOHW VWRUDJH PLJKW EH D VSHFLILF IHDWXUH RI ³\RXQJ´ FHOOV LQ WKH VSLQDO FRUG DQG EUDLQ

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WR VXSSRUW WKH SDUWLFXODUO\ KLJK HQHUJ\ DQG ELRV\QWKHWLF GHPDQGV RI WKH GHYHORSLQJ &16
7KLV FRXOG EH HDVLO\ H[DPLQHG XVLQJ DQWLERGLHV WR OLSLG GURSOHWDVVRFLDWHG SURWHLQV VXFK DV
SHULOLSLQ )DUPHU HW DO  6PROLþ HW DO  :KHWKHU RU QRW VSLQDO FRUG DVWURF\WHV
DQG JOLD PHWDEROLVH RU VWRUH OLSLGV GLIIHUHQWO\ IURP WKRVH LQ WKH EUDLQ LV XQNQRZQ ± WKLV LV D
GHYHORSLQJ ILHOG ,Q DGGLWLRQ WR WKH DERYH , VSHFXODWH WKDW WKH UHODWLYHO\ SRRU YDVFXODULVDWLRQ
RI WKH VSLQDO FRUG PLJKW QHFHVVLWDWH WKH VWRUDJH RI OLSLGV DW DOO GHYHORSPHQWDO VWDJHV WR DFW
DV DQ HQHUJ\ UHVHUYH LQ WLPHV RI GHFUHDVHG HQHUJ\ VXSSO\
2OLJRGHQGURF\WHV DUH QRW NQRZQ WR EH FRPSHWHQW LQ  R[LGDWLRQ (GPRQG HW DO 
,Q IDFW WKH PDWXUH SRVWP\HOLQDWLRQ ROLJRGHQGURF\WH LV FRQVLGHUHG LQFDSDEOH WR DYRLG WKH
EUHDNGRZQ RI P\HOLQ OLSLGV 3RLWHORQ HW DO  7R RXU NQRZOHGJH WKHUH DUH QR UHSRUWV
RI  R[LGDWLRQ LQ ROLJRGHQGURJOLD 7KDW VDLG DGXOW UDW EUDLQ ROLJRGHQGURF\WHV FDQ VHTXHVWHU
OLSLGV LQ YLWUR DQG LQ YLYR DV VKRZQ E\ IOXRUHVFHQW GHWHFWLRQ RI DON\QH )$DQDORJXHV IROORZLQJ
DGPLQLVWUDWLRQ LQWR WKH SHULSKHU\ +RIPDQQ HW DO  7KH IDWH RI WUDFHU OLSLGV LQ WKH DERYH
VWXG\ FRXOG QRW EH GHWHUPLQHG ,I (02/V VHTXHVWHU OLSLGV IURP VHUXP SUHVHQW GXULQJ LQLWLDO
FXOWXUH SODWLQJ DV ZH SURSRVH IRU DVWURF\WHV WKH\ DSSHDU WR KDYH OLPLWHG VWRUDJH FDSDFLW\
VLQFH WKH\ RQO\ RFFDVLRQDOO\ FRQWDLQHG 1LOH 5HG OLSLG GURSOHWV $OWHUQDWLYHO\ P\HOLQ OLSLGV
FRXOG IXQFWLRQ DV D OLSLG UHVHUYRLU 0\HOLQ DV DQ HQHUJ\ VWRUH IRU WKH ROLJRGHQGURF\WH KDV
EHHQ SURSRVHG E\ WKH 1DYH ODE 7KH\ IRXQG WKDW ROLJRGHQGURF\WHV SHUIRUP  R[LGDWLRQ RI
P\HOLQ OLSLGV WR VXUYLYH LQ JOXFRVHIUHH H[ YLYR RSWLF QHUYH SUHSDUDWLRQV DIWHU WKH GHDWK RI
DVWURF\WHV E\ HQHUJ\ H[KDXVWLRQ $VDGROODKL HW DO VXEPLWWHG IRU SXEOLFDWLRQ
8OWLPDWHO\ WKH DELOLW\ RI JOLD WR SHUIRUP  R[LGDWLRQ RI OLSLGV SURYLGHG IURP WKH FLUFXODWLRQ
ZRXOG QRW SURYLGH DQ\ UHVLVWDQFH WR K\SR[LD VLQFH OLSLG R[LGDWLRQ SURGXFHV HQHUJ\ VXEVWUDWHV
IRU WKH 7&$ F\FOH DQG VXEVHTXHQWO\ UHTXLUHV R[\JHQ IRU 2;3+26 1RQHWKHOHVV ZH
KLJKOLJKW WKH SRVVLEOH FRQWULEXWLRQ RI VHUXPGHULYHG OLSLGV DQGRU P\HOLQ GHEULV WR HQHUJ\
PHWDEROLVP DQG LWV SRWHQWLDOO\ FRQIRXQGLQJ LQIOXHQFH LQ PHWDEROLF VWXGLHV LQ YLWUR ZKLFK
KDV QRW EHHQ FRQVLGHUHG WR RXU NQRZOHGJH E\ RWKHUV 7KHVH DOWHUQDWLYH HQHUJ\ VRXUFHV
SUHVHQW LQ PRGHO V\VWHPV VXFK DV RXUV OLNHO\ VXVWDLQ JOLD IRU VRPH WLPH LQ WKH DEVHQFH
RI DOO RWKHU H[RJHQRXV HQHUJ\ VRXUFHV ,W LV OLNHO\ WKHVH HQHUJ\ VRXUFHV LI SUHVHQW DOVR




7KH UHVXOWV REWDLQHG LQ WKLV WKHVLV UDLVH PDQ\ TXHVWLRQV :KHWKHU VSLQDO FRUG (02/V
DUH PRUH UHVLVWDQW WR K\SR[LD WKDQ EUDLQ (02/V DV ZH VSHFXODWHG DW WKH RXWVHW UHPDLQV
XQDQVZHUHG ,Q IXWXUH VWXGLHV D GLUHFW FRPSDULVRQ EHWZHHQ VSLQDO FRUG DQG EUDLQ (02/V LV
QHFHVVDU\ DOWKRXJK WKLV ZLOO UHTXLUH PDWFKLQJ RI EUDLQ DQG VSLQDO FRUG FHOOV IRU GHYHORSPHQWDO
VWDJH 7KHUHIRUH WZR H[SHULPHQWDO FRKRUWV ZLOO EH QHHGHG IRU DQ\ LQ YLWUR RU LQ YLYR VWXGLHV
WKH ODWWHU LQYROYLQJ IRU H[DPSOH KRXVLQJ DQLPDOV LQ ORZ R[\JHQ FRQGLWLRQV
:KHWKHU RU QRW &16 JOLD SHUIRUP  R[LGDWLRQ KDV ORQJ EHHQ GHEDWHG DQG GRJPD VWDWHV
WKDW JOXFRVH LV WKH SULPDU\ HQHUJ\ VRXUFH +RZHYHU UHFHQW UHSRUWV WKDW DVWURF\WHV FDQ
VWRUH OLSLG GURSOHWV DQG WKHUHIRUH KDYH DQ DFWLYH OLSLG PHWDEROLVP KDV UHLJQLWHG WKLV GHEDWH
/HH HW DO  5DOKDQ HW DO  )XUWKHU TXDQWLWDWLYH VWXGLHV DUH UHTXLUHG WR FRQILUP
RXU SUHOLPLQDU\ REVHUYDWLRQ WKDW DVWURF\WHV DUH ULFK LQ OLSLG GURSOHWV DQG WKDW OLSLG GURSOHW
DVVRFLDWHG 7*V GHFUHDVH RYHU  GD\V RI FXOWXUH PRUH VR LQ JOXFRVHIUHH PHGLD
,Q YLWUR VWXGLHV IDFLOLWDWH WKH XVH RI 6HDKRUVH DVVD\V ZKLFK PHDVXUH R[\JHQ FRQVXPSWLRQ
DQG H[WUDFHOOXODU DFLGLILFDWLRQ DV RXWSXWV RI PLWRFKRQGULDO IXQFWLRQ DQG JO\FRO\WLF IOX[
UHVSHFWLYHO\ )XUWKHUPRUH LQ YLWUR V\VWHPV SHUPLW WKH XVH RI SKDUPDFRORJLFDO LQKLELWRUV RI
PLWRFKRQGULDO  R[LGDWLRQ WR VWXG\ WKH FRQVHTXHQFHV RI LQKLELWLQJ )$PHWDEROLVP +RZHYHU
FDXWLRQ LV UHTXLUHG DV KLJKOLJKWHG E\ WKH UHFHQWO\ UHSRUWHG HIIHFWV RI VXFK FRPSRXQGV
ZKLFK JHQHUDWH F\WRWR[LF TXDQWLWLHV RI 526 VSHFLHV 2¶&RQQRU HW DO  WR ZKLFK
ROLJRGHQGURF\WHV DUH SDUWLFXODUO\ YXOQHUDEOH -XXUOLQN HW DO 
8OWLPDWHO\ WKH DELOLW\ RI VSLQDO FRUG JOLD WR SHUIRUP  R[LGDWLRQ LQ YLYR UHTXLUHV YHULILFDWLRQ
7KLVPLJKW EH DFKLHYHG XVLQJ FHOO W\SHVSHFLILF DEODWLRQ RI PDFKLQHU\ LQYROYHG LQ )$R[LGDWLRQ
:KLWH HW DO  NQRFNHG RXW &SW LQ DOO QHXUDO FHOOV DQG WKXV &16 R[LGDWLRQ RI PHGLXP
DQG ORQJFKDLQ )$V $OWKRXJK QHXURGHYHORSPHQW DQG EHKDYLRXU ZHUH ODUJHO\ XQDOWHUHG
WKH DXWKRUV UHSRUWHG WKH DFFXPXODWLRQ RI ORQJFKDLQ DF\OFDUQLWLQHV LQFRPSOHWH LPSRUW RI
/&)$V LQWR PLWRFKRQGULD 7KHLU GDWD FRQILUPHG &16  R[LGDWLRQ LQ YLYR EXW GLG QRW VKHG
OLJKW RQ LWV SK\VLRORJLFDO UROH 3RWHQWLDOO\ FKDOOHQJLQJ WKH DQLPDOV ZLWK FRPSOH[ EHKDYLRXUDO
WDVNV RU LQGXFLQJ GLVHDVHLQMXU\ FRXOG UHYHDO D UROH IRU &16  R[LGDWLRQ

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$V PRVW ROLJRGHQGURF\WHV LQ PL[HG FXOWXUHV DSSHDUHG WR QRW FRQWDLQ OLSLG GURSOHWV ZH
VSHFXODWHG WKDW DPLQR DFLGV SURYLGH DQ HQHUJ\ VRXUFH ZKHQ FXOWXUHG LQ WKH DEVHQFH RI DV
WURF\WHV $PXULQH 51$ VHTXHQFLQJ GDWDEDVH =KDQJ HW DO  FRQILUPV ROLJRGHQGURJOLD
H[SUHVV P51$ IRU WKH HQ]\PHV QHFHVVDU\ WR FRQYHUW DPLQR DFLGV WR S\UXYDWH IRU $73
SURGXFWLRQ $OWKRXJK ZH FRQVLGHU DPLQR DFLGV DQ XQOLNHO\ IXHO VRXUFH ZH DFNQRZOHGJH
WKHLU NH\ UROH DV EXLOGLQJ EORFNV RI PHWDEROLF HQ]\PHV DPRQJVW RWKHU FHOOXODU PDFKLQHU\
DQG DZDLW WKH UHVXOWV RI PHWDERORPLF DQDO\VHV DLPHG DW H[DPLQLQJ KRZ WKHLU TXDQWLWLHV
FKDQJH RYHU WLPH LQ (02/HQULFKHG FXOWXUHV
 :LGHU LPSOLFDWLRQV
2XU PRGHO V\VWHP DQG GDWD DUH UHOHYDQW WR WKH VWXG\ RI RWKHU QHXURLQIODPPDWRU\ FRQGLWLRQV
%&$6 (02/V DUH DOVR SUHVHQW LQ WKH EUDLQ GXULQJ UHP\HOLQDWLRQ )DUG HW DO 
3UHVXPDEO\ WKLV LV DOVR WUXH IRU WKH VSLQDO FRUG 7KH SUHVHQFH RI P\HOLQ GHEULV LQ RXU
FXOWXUHV PDNH LW D GLVHDVHUHOHYDQW PRGHO IRU VWXG\LQJ WKH UHVSRQVH RI JOLD LQ GHP\HOLQDWLQJ
GLVHDVHV VXFK DV 06 *LYHQ WKDW WKH VSLQDO FRUG LV D FRPPRQ VLWH RI GHP\HOLQDWLRQ LQ
06 0RFFLD HW DO  D PRGHO V\VWHP WR VWXG\ VSLQDO FRUG ROLJRGHQGURF\WHV LQ WKH
FRQWH[W RI GHP\HOLQDWLQJ GLVHDVH LV D XVHIXO WRRO FRQVLGHULQJ VXEVHWV RI VSLQDO FRUG DQG
EUDLQ ROLJRGHQGURF\WHV FOXVWHU GLIIHUHQWO\ LQ 51$ VHTXHQFLQJ DQDO\VHV )ORULGGLD HW DO
 DQG DV RXU GDWD VXJJHVW PLJKW UHVSRQG GLIIHUHQWO\ WR FHOOXODU VWUHVV DQG GLVHDVH
7KH QHXURLQIODPPDWRU\ OHVLRQ LQ 06 LV VSHFXODWHG WR FUHDWH ³YLUWXDO K\SR[LD´ 7UDSS DQG
6W\V  'HVDL HW DO  'HVDL DQG 6PLWK  WKHUHIRUH RXU PRGHO V\VWHP FDQ
DOVR EH XWLOLVHG WR VWXG\ WKH YXOQHUDELOLW\ RI DGXOW UHP\HOLQDWLQJ (02/V LQ WKLV FRQWH[W
2XU REVHUYDWLRQV FRPELQHG ZLWK WKRVH RI -DJLHOVND HW DO  ZKR VKRZHG WKDW 23&V
PLJUDWH WRZDUGV DQ DFLGLF HQYLURQPHQW VXJJHVW WKDW LQ 06 OHVLRQV 23&V PLJKW UHDFK WKH
GHP\HOLQDWHG OHVLRQ EXW XSRQ GLIIHUHQWLDWLRQ LQWR %&$6 UHP\HOLQDWLQJ ROLJRGHQGURF\WHV
IDLO WR VXUYLYH LQ WKH DFLGLF PLOLHX 2XU GDWD SUHVHQW DQ DUHD IRU WKHUDSHXWLF DSSURDFK
,QGHHG WKHUH LV HPSLULFDO HYLGHQFH WKDW VRPH SDWLHQWV ZLWK 06 ILQG EHQHILFLDO HIIHFWV RI
K\SHUEDULF R[\JHQ %HQQHWW DQG +HDUG  5DH*UDQW HW DO  2XU GDWD VXSSRUW
WKH SRVVLELOLW\ WKLV LV GXH WR LPSURYHG HIILFLHQF\ RI UHP\HOLQDWLRQ WKURXJK UHGXFLQJ DFLGRVLV
DQG IXHOOLQJ R[LGDWLRQ RI OLSLGV
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8QFRYHULQJ GLIIHUHQFHV DW WKH PROHFXODU OHYHO WKDW FRQIHU LQFUHDVHG UHVLVWDQFH RI VSLQDO
FRUG (02/V WR WKH K\SR[LF HQYLURQPHQW LQ FRPSDULVRQ WR EUDLQ LV SRWHQWLDOO\ RI LQWHU
HVW ZKHUH QHXUDO VWHP FHOO 16& WUDQVSODQWDWLRQ FRXOG EH XVHG DV D WKHUDSHXWLF )RU
H[DPSOH D UHFHQW VWXG\ E\ .LP HW DO  VKRZHG WKDW PRGLILHG 16&V )ROLJ 23&V
WUDQVSODQWHG LQWR WKH EUDLQV RI UDWV DIWHU LQGXFWLRQ RI QHRQDWDO 39/ UHVWRUHG PRWRU DQG
FRJQLWLYH SHUIRUPDQFH $ VLPLODU VXFFHVV ZDV GHPRQVWUDWHG E\ WKH WUDQVSODQWDWLRQ RI 16&V
LQWR D PRXVH PRGHO RI 3HOL]DHXV0HU]EDFKHU GLVHDVH ZKHUH P\HOLQDWLRQ ZDV UHVWRUHG
*UXHQHQIHOGHU HW DO  ,I VSLQDO FRUG (02/V DUH PRUH UHVLOLHQW WR :0, WKHQ IDFWRUV
GULYLQJ 16&V WR WDNH RQ WKLV SKHQRW\SH PLJKW LPSURYH WKHUDSHXWLF UHVXOWV
)LQDOO\ ZH SURYLGH D ZHOOFKDUDFWHULVHG PRGHO WKDW LV FRPSOHPHQWDU\ WR H[LVWLQJ LQ YLWUR
V\VWHPV RI VSLQDO FRUG ZKLWH PDWWHU IRU H[DPSOH P\HOLQDWLQJ FXOWXUHV %LMODQG HW DO 
DQG WKH UHFHQWO\ GHYHORSHG KXPDQ L36& P\HOLQRLGV -DPHV HW DO  6SHFLILFDOO\ ZH
SURYLGH DQ DGGLWLRQDO WRRO IRU WKH IXUWKHU VWXG\ RI %&$6 (02/V LQ KHDOWK DQG GLVHDVH
 &RQFOXGLQJ UHPDUNV
7R VXPPDULVH ZH KDYH GHYHORSHG DQG FKDUDFWHULVHG DQ LQ YLWUR PRGHO WR VWXG\ VSLQDO
FRUG JOLDO PHWDEROLVP DQG YXOQHUDELOLW\ WR K\SR[LDLVFKDHPLD 8VLQJ WKLV PRGHO ZH KDYH
VKRZQ WKDW VSLQDO FRUG (02/V DUH UHVLVWDQW WR VKRUWWHUP R[\JHQ GHSULYDWLRQ EXW DUH
YXOQHUDEOH WR DFLGRVLV DQG D ODFN RI DPLQR DFLGV DQG YLWDPLQV :H DOVR GHPRQVWUDWH WKH
VXUSULVLQJ UHVLOLHQFH RI VSLQDO FRUG (02/V DQG JOLD WR  GD\V RI H[RJHQRXV HQHUJ\ VXEVWUDWH
GHSULYDWLRQ DQG SURYLGH HYLGHQFH WR D JURZLQJ ILHOG VXSSRUWLQJ DVWURF\WHV DV &16 OLSLG
VWRULQJ DQG R[LGLVLQJ FHOOV 2XU GDWD PLJKW DOVR LQGLFDWH WKDW VHUXP OLSLGV DQG P\HOLQ GHEULV
FDQ VXVWDLQ JOLDO FHOO PHWDEROLVP IRU  GD\V LQ WKH DEVHQFH RI DOO RWKHU H[RJHQRXV HQHUJ\
VRXUFHV 7KLV SODWIRUP SURYLGHV D XVHIXO WRRO IRU IXWXUH VWXGLHV ZKHUH DOO WKH FRQVHTXHQFHV
RI K\SR[LD FDQ EH FRPELQHG WR H[DPLQH WKH UHVSRQVH RI VSLQDO FRUG JOLD 0RUHRYHU WKLV




















t0 (DIV 1) t6d (DIV 7)
*
*
)LJXUH 6 _ 3RVWQDWDO PRXVH VSLQDO FRUG PL[HG JOLDO FXOWXUHV FRQWDLQ P\HOLQ GHEULV
3KDVHFRQWUDVW LPDJHV RI FXOWXUHV DW W DQG WG VKRZLQJ WKH SUHVHQFH RI P\HOLQ GHEULV
IURP WKH FXOWXUH SUHSDUDWLRQ $VWHULVNV ODEHO FHOO ERGLHV 6FDOH EDU   P

&KDSWHU 

































































)LJXUH 6 _ $Q DFLGLF PLOLHX LPSDFWV FHOO GHQVLWLHV DW WG LQ PL[HG JOLDO FXOWXUHV EXW
WKH HIIHFW LV QRW FRPSRXQGHG E\ JOXFRVH GHSULYDWLRQ *UDSKV RI UDZ GDWD IURP FHOO
GHQVLW\ TXDQWLILFDWLRQ DW W JUH\ DQG WG JUHHQ DQG EOXH &XOWXUHV ZHUH PDLQWDLQHG LQ
'0 DFURVV D UDQJH RI S+ YDOXHV FRQWDLQLQJ  P0 JOXFRVH JUHHQ RU  P0 JOXFRVH EOXH
&HOO GHQVLWLHV DUH VKRZQ IRU D DOO '$3, FHOOV E (02/V &13 F DVWURF\WHV *)$3










































































































)LJXUH 6 _ :LWKGUDZDO RI DPLQR DFLGV DQG YLWDPLQV LPSDFWV WRWDO FHOO DQG (02/ FHOO
GHQVLWLHV DIWHU  GD\V LQ FXOWXUH *UDSKV RI UDZ GDWD IURP FHOO GHQVLW\ TXDQWLILFDWLRQ DW W
DQG DIWHU  GD\V RI FXOWXUH LQ '0 RU 62 PHGLD ZLWK RU ZLWKRXW  P0 JOXFRVH RU LQ +( PHGLD
&HOO GHQVLWLHV RI D DOO '$3, FHOOV E (02/V &13 F DVWURF\WHV *)$3 DQG G
PLFURJOLD &' 'DWD ZHUH REWDLQHG IURP  RU  ELRORJLFDO UHSHDWV $EEUHYLDWLRQV '0



















































)LJXUH 6 _ 5HOHDVH RI /'+ LV FRPSRXQGHG E\ WKH DEVHQFH RI DPLQR DFLGV
DQG YLWDPLQV DIWHU  GD\V DQG FRUUHODWHV ZLWK WRWDO FHOO GHQVLWLHV D /'+
UHOHDVH DVVD\ SHUIRUPHG RQ FHOO VXSHUQDWDQWV IURP PL[HG JOLDO FXOWXUHV JURZQ LQ
'0 RU 62 PHGLD ZLWK DQG ZLWKRXW  P0 JOXFRVH 0HGLDRQO\ YDOXHV ZHUH VXE
WUDFWHG IURP VDPSOH UHDGLQJV 'DWD ZHUH FRPSDUHG WR  P0 JOXFRVH '0 XVLQJ D
RQHZD\ $129$ ZLWK 'XQQHWW¶V PXOWLSOH FRPSDULVRQ WHVW   S <    S < 
'DWD ZHUH REWDLQHG IURP  ELRORJLFDO UHSHDWV E 3HDUVRQ FRUUHODWLRQ FDUULHG RXW RQ WRWDO
'$3, FHOO GHQVLW\ DYHUDJHV SHU FRQGLWLRQ UHSRUWHG LQ )LJXUH  D DQG /'+ UHOHDVH DVVD\

















DAPI SMI31 PLP Merge
b
c
)LJXUH 6 _ 0\HOLQDWLQJ FXOWXUHV GHJHQHUDWH UDSLGO\ XQGHU H[RJHQRXV HQHUJ\ VXE
VWUDWH GHSULYDWLRQ ,OOXVWUDWLYH LPPXQRIOXRUHVFHQFH LPDJHV RI ( PRXVH VSLQDO FRUG
P\HOLQDWLQJ FXOWXUHV DW ',9  D &XOWXUHV LQ +( FRQWURO PHGLD  P0 JOXFRVH  P0
S\UXYDWH  P0 JOXWDPLQH ZKHUH D[RQV JUHHQ 60, DUH P\HOLQDWHG PDJHQWD 3/3
E $IWHU  KRXUV LQ  P0 JOXFRVH '0 D[RQV DQG P\HOLQ VKHDWKV UHPDLQ E EXW DUH ORVW
LQ  P0 JOXFRVH '0 2EVHUYDWLRQV UHSUHVHQWDWLYH RI  ELRORJLFDO UHSHDWV 6FDOH EDU  

































)LJXUH 6 _ (VWLPDWHG 51$ SHU FHOO LV XQFKDQJHG LQ PL[HG JOLD DIWHU  GD\V RI H[RJH
QRXV HQHUJ\ VXEVWUDWH GHSULYDWLRQ 51$ SHU FHOO ZDV HVWLPDWHG XVLQJ WKH \LHOG REWDLQHG
DIWHU 51$ SXULILFDWLRQ IRU F'1$ V\QWKHVLV DQG 57T3&5 7KH \LHOG ZDV GLYLGHG E\ WKH WRWDO
QXPEHU RI FHOOV KDUYHVWHG FDOFXODWHG IURP WKH DYHUDJH WG FHOO GHQVLW\ UHSRUWHG LQ )LJXUH 6
DQG PXOWLSOLHG E\ WKH WRWDO DUHD RI  PP FRYHUVOLSV XVHG 'DWD ZHUH FRPSDUHG WR  P0 JOX
FRVH '0 XVLQJ D RQHZD\ $129$ ZLWK 'XQQHWW¶V PXOWLSOH FRPSDULVRQ WHVW   S < 
'DWD ZHUH REWDLQHG IURP  ELRORJLFDO UHSHDWV

&KDSWHU 
0 s 30 s
60 s 90 s
120 s 480 s
510 s 540 s
600 s 630 s












)LJXUH 6 _ 3HUR[LVRPHV LQ (02/ QDQRWXEHV DUH PRWLOH HYHQ LQ WKH DEVHQFH RI
H[RJHQRXV JOXFRVH ,OOXVWUDWLYH LPDJHV RI D 7G7RPDWRODEHOOHG UHG (02/ ZLWK P(RV
ODEHOOHG SHUR[LVRPHV JUHHQ $ WLPH VHULHV LQVHW ZDV FDSWXUHG XVLQJ VSLQQLQJ GLVN
FRQIRFDO OLYHFHOO LPDJLQJ 0RWLOH SHUR[LVRPHV DUH REVHUYHG DUURZV LQ (02/ QDQRWXEHV










































































































)LJXUH 6 _ :LWKGUDZDO RI DPLQR DFLGV DQG YLWDPLQV LPSDFWV (02/ FHOO GHQVLWLHV LQ
(02/HQULFKHG FXOWXUHV DIWHU  GD\V *UDSKV RI UDZ GDWD IURP FHOO GHQVLW\ TXDQWLILFDWLRQ
DW W DQG DIWHU  GD\V RI FXOWXUH LQ '0 RU 62 PHGLD ZLWK RU ZLWKRXW  P0 JOXFRVH RU
+( PHGLD &HOO GHQVLWLHV RI D DOO '$3, FHOOV DQG E (02/V &13 7KHVH FXOWXUHV
ZHUH ODUJHO\ GHYRLG RI F DVWURF\WHV *)$3 G DQG PLFURJOLD &' 'DWD ZHUH RE
WDLQHG IURP  ELRORJLFDO UHSHDWV $EEUHYLDWLRQV '0 '0(0EDVHG PHGLD 62 VDOWVRQO\




*HQRW\SLQJ ZDV SHUIRUPHG XVLQJ J'1$ REWDLQHG IURP HDU VDPSOHV DFFRUGLQJ WR WKH
³+RW6+27´ PHWKRG GHVFULEHG E\ 7UXHWW HW DO  ZLWK VRPH PRGLILFDWLRQV %ULHIO\
VPDOO HDU QRWFK VDPSOHV ZHUH KHDWHG LQ / P0 1D2+ WR  & IRU  KRXU  PLQV
7KH VDPSOHV ZHUH YRUWH[HG QHXWUDOLVHG ZLWK  / 0 7ULV+&O DW S+  GLOXWHG  LQ  LQ
DXWRFODYHG GL+2 DQG VWRUHG DW í & XQWLO XVH 3ULPHUV H[SHFWHG SURGXFW VL]H DQG 3&5
UHDFWLRQ PL[WXUHV DUH VKRZQ LQ 7DEOHV 6 DQG 6
3&5 F\FOLQJ SDUDPHWHUV IRU HDFK WUDQVJHQH DUH GHWDLOHG EHORZ
3/3&UH(577
  & IRU  PLQXWHV
  & IRU  VHFRQGV
  & IRU  VHFRQGV
  & IRU  VHFRQGV !   IRU [ F\FOHV
  & IRU  PLQXWHV
  & DQG SDXVH
$L
  & IRU  PLQXWHV
  & IRU  VHFRQGV
  & IRU  VHFRQGV
  & IRU  PLQXWH  VHFRQGV !   IRU [ F\FOHV
  & IRU  PLQXWHV
  & DQG SDXVH
&QSP(RV376
  & IRU  PLQXWHV
  & IRU  VHFRQGV

&KDSWHU 
  & IRU  PLQXWH  VHFRQGV
  & IRU  VHFRQGV !   IRU [ F\FOHV
  & IRU  PLQXWH
  & IRU  PLQXWHV
  & DQG SDXVH
3&5 SURGXFWV ZHUH UXQ RQ D  DJDURVH JHO  ,QYLWURJHQ FRQWDLQLQJ  JP/
HWKLGLXP EURPLGH ( 6LJPD$OGULFK PDGH LQ 7ULVDFHWDWH('7$ EXIIHU $  ES




7DEOH 6 _ 3ULPHUV XVHG IRU JHQRW\SLQJ 3(277J PLFH DQG H[SHFWHG SURGXFW VL]H






















7DEOH 6 _ 5HDFWLRQ PL[WXUH IRU 3&5 JHQRW\SLQJ RI 3(277J PLFH
Component PLP-CreERT2 Ai14 Cnp-mEos2-PTS1 
REDTaq™1 0.8 ȝL 0.8 ȝL 0.75 ȝL 
10x Buffer1 2 ȝL 2 ȝL 2 ȝL 
dNTPs2 2 ȝL 2 ȝL 2 ȝL 
Forward primer 
(100 ȝM) 0.5 ȝL 0.5 ȝL 0.4 ȝL 
Reverse primer 
(100 ȝM) 0.5 ȝL 0.5 ȝL 0.4 ȝL 
Nuclease-free 
water 13.2 ȝL 13.2 ȝL 14.45 ȝL 
cDNA 1 ȝL 1 ȝL 1 ȝL 
Total 20 ȝL 20 ȝL 21 ȝL 
5 6LJPD$OGULFK 16 1HZ (QJODQG %LRODEV

&KDSWHU 
 57T3&5 SULPHU YDOLGDWLRQ
$OO SULPHUV ZHUH YDOLGDWHG E\ HQGSRLQW 3&5 XVLQJ F'1$ REWDLQHG IURP PL[HG JOLDO FXOWXUHV
JURZQ LQ +( PHGLD IRU  GD\V 7KH 3&5 UHDFWLRQ PL[ FRQWDLQHG
 / -XPS6WDUW 5('7DT 5HDG\0L[ 3 6LJPD$OGULFK
 / )RUZDUG SULPHU DW  0
 / 5HYHUVH SULPHU DW  0
 / QI+2
 / F'1$
7KH 3&5 F\FOLQJ SDUDPHWHUV ZHUH
  & IRU  PLQXWH
  & IRU  PLQXWH
  & IRU  PLQXWHV
  & IRU  PLQXWHV  VHFRQGV !   IRU [ F\FOHV
  & IRU  PLQXWHV
  & DQG SDXVH
7KH 3&5 SURGXFWV ZHUH UXQ RQ D  DJDURVH JHO 8OWUD3XUH DJDURVH 
,QYLWURJHQ PDGH LQ 7ULVDFHWDWH('7$ EXIIHU FRQWDLQLQJ [ *HO5HG QXFOHLF DFLG VWDLQ
6&7 0HUFN $  ES LQWHUYDO '1$ ODGGHU * 3URPHJD ZDV XVHG IRU VL]H
GHWHUPLQDWLRQ *HOV ZHUH LPDJHG XQGHU XOWUDYLROHW LOOXPLQDWLRQ DQG DUH VKRZQ LQ )LJXUH 6
,QQHU SULPHUV ZHUH FRQVLGHUHG VSHFLILF LI D VLQJOH EDQG RI WKH H[SHFWHG VL]H ZDV REVHUYHG
,QQHU SULPHUV ZHUH DOVR YDOLGDWHG ZLWK PHOW FXUYH DQDO\VLV DQG DUH VKRZQ LQ )LJXUH 6








































































)LJXUH 6 _ *HO YDOLGDWLRQ RI SULPHUV XVHG LQ 57T3&5 ,PDJHV RI 3&5 SURGXFWV UXQ RQ
DQ DJDURVH JHO DQG LPDJHG XQGHU 89 LOOXPLQDWLRQ D 3URGXFWV IURP LQQHU SULPHU SDLUV
DQG DSSUR[LPDWH VL]H IURP OHIW WR ULJKW $FDFD  ES $FO\  ES $WJ  ES %HFQ 
ES &SWD  ES +N  ES /GKD  ES 3GKD  ES 3INO  ES 3LNF  ES
3NP  ES 3\JO  ES 7ES  ES )DVQ  ES /DGGHU ERWWRP WR WRS LV    ES
EROG EDQG E 3URGXFWV IURP RXWHU SULPHU SDLUV DQG DSSUR[LPDWH VL]H IURP OHIW WR ULJKW
$FDFD  ES $FO\  ES $WJ  ES %HFQ  ES &SWD  ES )DVQ  ES +N
 ES 3GKD  ES 3INO  ES 3LNF  ES 3NP  ES 3\JO  ES 7ES  ES



































































































65 70 75 80 85 90 9560
Tbp
7HPSHUDWXUH&























65 70 75 80 85 90 95
)LJXUH 6 _ ,QQHU SULPHU PHOW FXUYHV IURP 57T3&5 5HG DQG \HOORZ OLQHV ZHUH
JHQHUDWHG IURP VWDQGDUGV $OO RWKHU FRORXUV ZHUH JHQHUDWHG IURP H[SHULPHQWDO VDPSOHV

&KDSWHU 
7DEOH 6 _ ,QQHU SULPHU HIILFLHQFLHV IURP 57T3&5
Primer Standard curve R2 Efficiency 
Acaca 0.997 91.98% 
Acly 0.997 97.70% 
Atg5 0.998 99.59% 
Becn1 0.998 99.52% 
Cpt1a 0.999 97.9% 
Fasn 0.988 88.18% 
Hk1 0.996 95.39% 
Ldha 0.999 96.89% 
Pdha1 0.998 99.05% 
Pfkl 0.998 95.76% 
Pik3c3 0.999 100.69% 
Pkm 0.981 98.46% 
Pygl 0.999 101.23% 




 3KRVSKDWH EXIIHUHG VDOLQH





7KH S+ ZDV DGMXVWHG WR  ZLWK +&O DQG WKH YROXPH PDGH XS WR  / ZLWK GL+2 $ [
VROXWLRQ ZDV PDGH E\ GLOXWLQJ P/ RI [ VWRFN ZLWK P/ GL+2 $OO VROXWLRQV ZHUH
VWRUHG DW URRP WHPSHUDWXUH
 7ULVDFHWDWH('7$ EXIIHU
$ [ VWRFN ZDV SUHSDUHG LQ P/ GL+2 E\ FRPELQLQJ WKH IROORZLQJ
 J 7ULVEDVH
P/  *ODFLDO DFHWLF DFLG
P/  0 ('7$ S+ 
7KH YROXPH ZDV WKHQ DGMXVWHG WR  / DW ZKLFK SRLQW WKH S+ VKRXOG EH  QR DGMXVWPHQW
$ [ VROXWLRQ ZDV PDGH E\ GLOXWLQJ P/ RI [ VWRFN ZLWK P/ GL+2 $OO VROXWLRQV
ZHUH VWRUHG DW URRP WHPSHUDWXUH
  SDUDIRUPDOGHK\GH
'LVVROYH  J RI SDUDIRUPDOGHK\GH 3 6LJPD$OGULFK LQ P/ RI 3%6 RU ZDWHU DV
UHTXLUHG KHDW WR  & DQG PL[ ZLWK D PDJQHWLF VWLUUHU $GG D IHZ GURSV RI 0 1D2+ XQWLO
WKH VROXWLRQ FOHDUV &RRO VROXWLRQ WR URRP WHPSHUDWXUH WKHQ ILOWHU WKURXJK ILOWHU SDSHU $GMXVW
S+ WR  ZLWK +&O DQG PDNH XS WKH YROXPH WR P/ ZLWK 3%6 RU ZDWHU DV UHTXLUHG
6WRUH DW  &

&KDSWHU 
 %RULF DFLG EXIIHU
'LVVROYH  J RI ERULF DFLG % 6LJPD$OGULFK DQG  J RI VRGLXP WHWUDERUDWH
 6LJPD$OGULFK LQ  P/ RI FHOO FXOWXUH JUDGH ZDWHU : 6LJPD$OGULFK E\
KHDWLQJ WR  & ZLWK VWLUULQJ &RRO VROXWLRQ DQG DGMXVW S+ WR  0DNH XS WR  P/ ZLWK
FHOO FXOWXUH JUDGH ZDWHU WKHQ VWHULOLVH WKURXJK D  P ILOWHU 6WRUH DW  &
 1 VXSSOHPHQW
7KLV UHFLSH LV IURP 7KRPVRQ HW DO  DQG 7KRPVRQ HW DO  6WRFN VROXWLRQV ZHUH
SUHSDUHG DV VKRZQ LQ 7DEOH 6 XVLQJ FHOO FXOWXUH JUDGH PDWHULDOV REWDLQHG IURP 6LJPD
$OGULFK 5HDJHQWV ZHUH WKHQ FRPELQHG DV GHVFULEHG LQ 7DEOH 6 WR JLYH WKH ILQDO 1 PL[WXUH
FRPSRVLWLRQ )LOWHU VWHULOLVH DQG VWRUH DW í & LQ / DOLTXRWV
 0RZLRO  PRXQWLQJ PHGLXP
7R PDNH  P/ FRPELQH  J RI 0RZLRO   6LJPD$OGULFK ZLWK  J RI JO\FHURO
 )LVKHU 6FLHQWLILF DQG VKDNH YLJRURXVO\ 7RS XS ZLWK  P/ RI GL+2 WKHQ VWLU
FRQWLQXRXVO\ IRU  KRXUV ZLWK D VWLU EDU DW URRP WHPSHUDWXUH +HDW WKH PL[WXUH WR  & DQG
DGG  P/ RI 0 7ULV EDVH S+  FRQWLQXLQJ WR VWLU IRU  PLQXWHV EHIRUH FODULI\LQJ E\
FHQWULIXJDWLRQ DW  [ J IRU  PLQXWHV 6WRUHG LQ  P/ DOLTXRWV DW í & %HIRUH XVH
WKDZ DQG DGG 0GLDPLGLQRSKHQ\OLQGROH '$3, ' ,QYLWURJHQ GLOXWHG LQ 3%6
WR D ILQDO FRQFHQWUDWLRQ RI  JP/ 6WRUH DW  &
 +\GUR[\WDPR[LIHQ
K\GUR[\WDPR[LIHQ + 6LJPD$OGULFK VWRFN VROXWLRQ ZDV PDGH E\ UHFRQVWLWXWLQJ LQ
PROHFXODU JUDGH PHWKDQRO 0 )LVKHU 6FLHQWLILF WR  PJP/ P0 $OLTXRWV
ZHUH VWRUHG LQ VPDOO YROXPHV DW í & :RUNLQJ VROXWLRQV ZHUH PDGH E\ IXUWKHU GLOXWLQJ
WKH VWRFN WR P0 LQ '0(0  *LEFR FRQWDLQLQJ  SHQLFLOOLQVWUHSWRP\FLQ
:RUNLQJ VROXWLRQV ZHUH VWRUHG DW  &

&KDSWHU 
7DEOH 6 _ 6WRFN VROXWLRQV DQG FRPSRQHQWV RI 1 PL[
Stock solution  Weight Dissolve in Working dilutions 
Apo-transferrin 
(T2252) 25 mg 
5 mL PBS = 





5 mL PBS = 
100 mM N/A 
Progesterone 
(P6149)  
 1 mg 
1.59 mL 90% 
ethanol 
= 2 mM 
(store at -20°C) 
50 ȝL to 10 mL 







100 mL PBS 
= 300 ȝM 
(store at -20°C) 
500 ȝ/ to 4.5 mL 
PBS = 30 ȝM 
7DEOH 6 _ &RPSRVLWLRQ RI 1 PL[
Component Volume N1 mix conc. Final conc. in medium 
Apo-transferrin 
(5 mg/mL) 5 mL 1 mg/mL 5 ȝJ/mL 
Putrescine 
(100 mM) 5 mL 20 mM 100 ȝM 
Progesterone 
(10 ȝM) 10 mL 4 ȝM 20 nM 
Selenium  
(30 uM) 5 mL 6 ȝM 30 nM 

&KDSWHU 
 &RPSRVLWLRQ RI '0(0 $
7DEOH 6 _ &RQFHQWUDWLRQV RI DPLQR DFLGV DQG YLWDPLQV LQ '0(0 $ *LEFR
7KLV PHGLD ODFNV JOXFRVH S\UXYDWH DQG JOXWDPLQH XQOHVV VXSSOHPHQWHG
Component Concentration (mM) 
Amino acids 
Glycine 0.4 
L-Arginine hydrochloride 0.39810428 
L-Cystine 2HCl 0.20127796 
L-Histidine hydrochloride-H2O 0.2 
L-Isoleucine 0.8015267 
L-Leucine 0.8015267 






L-Tyrosine disodium salt dihydrate 0.39846742 
L-Valine 0.8034188 
Vitamins 
Choline chloride 0.028571429 
D-Calcium pantothenate 0.008385744 
Folic acid 0.009070295 
Niacinamide 0.032786883 
Pyridoxine hydrochloride 0.019607844 
Riboflavin 0.0010638298 
Thiamine hydrochloride 0.011869436 
i-Inositol 0.04 





$EERWW 1 - 5|QQElFN / DQG +DQVVRQ (  ³$VWURF\WH±HQGRWKHOLDO LQWHUDFWLRQV
DW WKH EORRG±EUDLQ EDUULHU´ 1DWXUH 5HYLHZV 1HXURVFLHQFH  SS ± GRL 10.1038/
nrn1824
$ERXQLW 6 DQG =XU]ROR &  ³:LULQJ WKURXJK WXQQHOLQJ QDQRWXEHV ± IURP HOHFWULFDO
VLJQDOV WR RUJDQHOOH WUDQVIHU´ -RXUQDO RI &HOO 6FLHQFH  SS ± GRL 10.1242/
jcs.083279
$JUHVWL & « DQG &RFFLD ( 0  ³6\QHUJLVWLF VWLPXODWLRQ RI 0+& FODVV , DQG
,5) JHQH H[SUHVVLRQ E\ ,)1JDPPD DQG 71)DOSKD LQ ROLJRGHQGURF\WHV´ 7KH (XURSHDQ
-RXUQDO RI 1HXURVFLHQFH  SS ± GRL 10.1111/j.1460-9568.1998.00313.x
$NDVVRJORX . « DQG 3UREHUW /  ³2OLJRGHQGURF\WH DSRSWRVLV DQG SULPDU\ GH
P\HOLQDWLRQ LQGXFHG E\ ORFDO 71)S71) UHFHSWRU VLJQDOLQJ LQ WKH FHQWUDO QHUYRXV V\VWHP
RI WUDQVJHQLF PLFH PRGHOV IRU PXOWLSOH VFOHURVLV ZLWK SULPDU\ ROLJRGHQGURJOLRSDWK\´ 7KH
$PHULFDQ -RXUQDO RI 3DWKRORJ\  SS ± GRL 10.1016/S0002-9440(10)65622-2
$NGHPLU ( 6 +XDQJ $ <6 DQG 'HQHHQ %  ³$VWURF\WRJHQHVLV ZKHUH ZKHQ
DQG KRZ´ )5HVHDUFK  ) )DFXOW\ 5HY± GRL 10.12688/f1000research.
22405.1
$ODEGXODGKHP 7 2 DQG %RUGRQL %  ³3K\VLRORJ\ .UHEV &\FOH´ 6WDW3HDUOV 7UHD
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